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High salinity brinesThe Aitik Cu–Au–Ag deposit in the Gällivare area in northern Sweden is Sweden's largest sulphide mine with
an annual production of 35 Mt of ore, and the biggest open pit operation in northern Europe. It is proposed in
the present study that the Aitik deposit represents a Palaeoproterozoic, strongly metamorphosed porphyry
copper deposit that was affected ca. 100 Ma later by a regional IOCG-type hydrothermal event. Consequently,
the Aitik deposit might represent a mixed ore system where an early copper mineralisation of porphyry type
has been overprinted by later regional IOCG mineralisation.
Several attempts have previously been made to genetically classify the Aitik Cu–Au–Ag deposit as a distinct ore
type. New geochemical, petrographic, structural, and ﬂuid inclusion results combined with published data have
provided the opportunity to present new ideas on the genesis and evolution of the Aitik Cu–Au–Ag deposit. The
emplacement of a ca. 1.9 Ga quartz monzodiorite that host the ore at Aitik was related to subduction processes
and volcanic arc formation, and synchronous with quartz vein stockwork formation and porphyry copper
mineralisation. Highly saline aqueous (38 wt.% NaCl) ﬂuid inclusions in the stockwork veins suggest entrapment
at 300 °C and a pressure of nearly 3 kbar, a high pressure for a typical porphyry copper ore, but consistent with
conditions at associated deep root zones of intrusion-relatedmagmatic–hydrothermal systems. The highly saline
ﬂuid formed disseminated and vein-type ore ofmainly chalcopyrite and pyritewithin comagmatic volcaniclastic
rocks, and caused potassic alteration (biotite, microcline) of the host rocks. The early porphyry copper
mineralising event was followed, and largely overprinted, by CO2 and aqueous medium- to high-salinity
(16–57 wt.% salts) ﬂuids related to a ca. 1.8 Ga tectonic and metamorphic event (peak conditions 500–600 °C
and 4–5 kbar). Extensive deformation of rocks and redistribution of metals occurred. Magnetite enrichment lo-
cally found within late veins, and late amphibole–scapolite and K feldspar alterations within the deposit, are
some of the features at Aitik implying that aqueous ﬂuids responsible for IOCG-mineralisation (200–500 °C
and ~1 kbar) and extensive Na–Ca alteration in the region during the 1.8 Ga tectonic event also affected the
Aitik rocks, possibly leading to addition of copper±gold.
© 2012 Elsevier B.V.Open access under CC BY-NC-ND license.1. Introduction
The Aitik Cu–Au–Ag deposit is located in northernmost Sweden,
60 km north of the Arctic Circle at latitude 67°07′N (Fig. 1). The
low-grade deposit was located by electro-magnetic survey during
the 1930s, and a feasibility study for an open pit mine was conducted
by Boliden AB in 1964. Production of ore started in 1968 at a rate of
2 Mt per year. Today, the Aitik Cu–Au–Ag deposit is Sweden's largest
sulphide mine, one of Europe's largest producers of copper, gold and+46 920 491697.
NC-ND license.silver, and the biggest open pit operation in northern Europe. The ore
zone is 5000 m long and 400 m wide, and extends down to 400 m in
the southern part of the open pit. In the northern part the ore is in-
ferred to a depth of at least 800 m. The annual production is presently
35 Mt of ore, containing approximately 0.23% copper, 0.13 g/t gold
and 1.8 g/t silver (Boliden AB Annual Report, 2011).
The Aitik Cu–Au–Ag ore has earlier been classiﬁed as being of sedi-
mentary origin (Zweifel, 1976). Further studies have shown that a min-
eralised quartz monzodiorite is situated in the footwall to the ore,
leading to the assumption that the deposit is of magmatic–hydrothermal
origin, presumably of porphyry copper type (Monro, 1988; Yngström et
al., 1986). Drake (1992) suggested that the quartz monzodiorite repre-
sents an apophysis of a larger intrusion at depth consistent with the por-
phyry copper model. However, not all features of the ore zone are typical
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complex origin (Wanhainen et al., 2003a; Wanhainen et al., 2005).
In this paper, the genesis of the Aitik deposit is discussed based on
geology, petrology and geochemistry of the intrusive and volcaniclastic
rocks in the deposit area combined with mineralisation and alteration
petrography and ﬂuid inclusion microthermometry. The purpose of
this study is to: (1) describe and classify all rock units; (2) deduce the
structural evolution of the deposit; (3) describe the ﬂuids responsible
for mineralisation and alteration; and (4) provide a model for the evo-
lution of the deposit.
2. Regional geology and tectonic setting
The bedrock geology in northern Sweden is the result of a complex
geodynamic evolution including repeated extensional and compres-
sional tectonic regimes and associated magmatic and metamorphic
events. This northern part of the Fennoscandian Shield is dominated by
a 2.8–2.7 Ga Archaean craton, 2.3–2.0 Ga rift-related rocks linked to its
breakup and 1.9–1.8 Ga accreted terranes related to destructive plate tec-
tonic processes along the craton margin (e.g., Lahtinen et al., 2005;Nironen, 1997). Extensive areas of rift-related basalts and associated sed-
imentary rocks were formed during the Karelian continental rifting event
at ca. 2.1 Ga. A plume-generated triple junction is suggested to have de-
veloped south of Kiruna (Fig. 1) at this time (Martinsson, 1997). The
crustal extension evolved into a successful rifting in a NW–SE direction
leaving an aborted rift extending NNE in the Kiruna area and northern
Norway (Martinsson, 1997). Deep crustal scale fault systemswere gener-
ated during the extension also outside the main rift as indicated by nu-
merous rift-parallel maﬁc to ultramaﬁc dykes in the Archaean craton
(Martinsson, 1997; Vuollo, 1994).
The rifted SWborder of the Archaean craton acted as a passivemargin
during ocean expansion, but at ca. 1.93 Ga therewas a change to destruc-
tive margin processes (Lahtinen, 1994; Lahtinen et al., 2003; Nironen,
1997; Weihed et al., 2002). Initial subduction was possibly directed
southwestwards generating oceanic island arcs that were accreted to
the continent as the polarity of subduction changed towards northeast
(Nironen, 1997). This process continued at least until 1.87 Ga and in-
volved both strong reworking of older crust and the generation of juvenile
crust by accretion of several volcanic arc complexes from SW towards NE
(Lahtinen and Huhma, 1997; Lahtinen et al., 2005; Nironen, 1997;
308 C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331Weihed et al., 2002). This early Svecofennian deformation is expressed by
thrusting of arc segments north-eastwards onto the Archaean craton in
central Finland (Lahtinen, 1994).
The ca. 1.9 Ga Svecofennian arc magmatism is represented in the
northern Norrbotten ore province by calc-alkaline, andesite dominated
volcanic successions (e.g., the Porphyrite Group) and the co-magmatic,
intrusive Haparanda Suite. In the Kiruna area, these rocks are overlain
by the bimodal Kiirunavaara Group of volcanic rocks and intruded by
the coeval and chemically similar Perthite Monzonite Suite granitoids.
This slightly younger I- to A-type magmatic activity displays a more al-
kaline composition that suggests an extensional intraplate setting or an
origin related to crustal thickening in a mature arc (Martinsson, 2004).
Later uplift and erosion resulted in the formation of arenitic sediments.
The evolution after ca. 1.86 Ga is mainly recorded by widespread
S-type magmatism (1.81–1.78 Ga Lina-type and 1.85 Ga granites) cau-
sed by anatectic melting in the middle crust (Bergman et al., 2001;
Öhlander et al., 1987). In the western part of the Fennoscandian Shield
extensive I- to A-type magmatism formed a more than 1500 km long
and roughly N–S trending belt of intermediate to felsic batholiths
(1.81–1.65 Ga Transcandinavian Igneous Belt) coeval with the S-type
magmatism and possibly as a result of eastward subduction along a
N–S oriented continental margin (Åhäll and Larsson, 2000; Andersson,
1991; Weihed et al., 2002).
The ~10 km thick pile of volcanic and sedimentary rocks was de-
formed andmetamorphosed at ca. 1.88 Ga (Bergman et al., 2001). A sec-
ond event of metamorphism and deformation occurred at 1.80–1.79 Ga
(Bergman et al., 2001). The metamorphic grade generally varies from
upper greenschist to upper amphibolites facies and is mainly of low- to
intermediate-pressure type. Granulite facies rocks are minor.
The deformation in the northern Norrbotten ore province varies
both regionally and on a local scale from a strong penetrative foliation
to texturally and structurally well preserved rocks. The ductile defor-
mation includes at least two phases of folding, with axial surface
traces to the folds mainly trending NW–SE and N–S (Bergman et al.,
2001). The age relationship between the two folding events is not
well constrained but the folds with SE-directed axial surfaces might
be older (Bergman et al., 2001).
Major ductile shear zones in northern Norrbotten, active at ca.
1.8 Ga, are represented by the NNE-directed Karesuando–Arjeplog
Deformation Zone, the N to NNE-directed Pajala Shear Zone and the
NNW-directed Nautanen Deformation Zone (Fig. 1). In general, the
western part shows a west-side-up movement and the eastern part
are characterised by east-side-up movement (Bergman et al., 2001).
3. The northern Norrbotten Fe–Cu–Au province
Northern Norrbotten is an important mining province dominated
by Fe- and Cu±Au deposits. It has been regarded as a typical Fe-
oxide Cu–Au (IOCG) province based on the character of the mineral
deposits and the regionally developed albite and scapolite alteration
(e.g., Martinsson, 2001; Williams et al., 2003). Mineral deposits occur
in volcaniclastic units in the middle and upper parts of the Karelian
greenstones and includes base metal sulphide deposits (Cu or Zn–Pb)
and iron formations. Apatite iron ores of Kiruna-type aremainly restrict-
ed to the Kiruna and Gällivare areas and spatially related to the
Kiirunavaara Group. Epigenetic Cu–Au deposits of at least partly IOCG
character are mainly found in the Karelian greenstones and in
Svecofennian volcanic rocks.
Magnetite–apatite deposits with an annual production of ~36 Mt
of ore from the Kiirunavaara and Malmberget deposits (Fig. 1) are
economically most important for the region. Copper was produced in-
termittently during the 17th and 18th centuries and recently in larger
scale in the Viscaria and Pahtohavare deposits (Fig. 1) in the Kiruna
area (Martinsson, 2004). Both Viscaria and Pahtohavare are hosted
by 2.3–2.0 Ga Karelian greenstones, and Aitik and several other Cu±Au
occurrences occur in 1.9 Ga Svecofennian rocks (Bergman et al., 2001).Chronological data from epigenetic Cu±Au deposits demonstrate
two major events of ore formation in Svecofennian time at ca. 1.87 Ga
and 1.77 Ga (Billström and Martinsson, 2000).A high salinity charac-
ter of the ore forming ﬂuids is probably the most important feature
of this ore district and the explanation for its metallogeny and region-
al alteration (Martinsson, 2004). The saline character of the hydrother-
mal ﬂuids is manifested by the extensive formation of scapolite and
albite (Frietsch et al., 1997) and high salinity ﬂuid inclusions from strat-
iform and epigenetic sulphide deposits in this region (Broman and
Martinsson, 2000). Another important feature is the large-scale
1.9–1.8 Ga shear zones that exhibit a spatial relationship tomany epige-
netic Cu–Au deposits (e.g. Nautanen and Ferrum located between Aitik
and Malmberget; Martinsson and Wanhainen, 2004).
4. Analytical techniques
Petrographic studies of thin sections from drill core and outcrop
samples from Aitik were conducted. Samples for chemical analyses
were all obtained from representative, lithologically homogenous
1 m sections in drill cores. All samples were analysed for major and
trace elements. Major elements and Be were analysed by ICP-OES
(aqua regia digestion), Au and Br by INAA, S by LECO (infrared spec-
trometry technique), and other trace elements by fusion ICP-MS. Chemi-
cal analyses were carried out by Activation Laboratories Ltd, Canada.
Fluid inclusions were studied at the Department of Geological Sci-
ences, Stockholm University, by optical microscopy, microthermometry
and laser Raman spectrometry in doubly polished, ~150 μmthick sections
of mainly quartz, but also in garnet, tourmaline and calcite. Micro-
thermometric analyses were made on a Linkam THM 600 heating–
freezing stage mounted on a Nikon microscope utilising long working-
distance objectives. The stage was calibrated by means of Syn Flinc
synthetic ﬂuid inclusions. The precision of the measurements was
±0.1 °C for temperatures below +40 °C and ±0.2 °C above +40 °C.
Raman microspectrometry was performed using a Dilor XY Raman
spectrometer. Exciting radiation was provided by the green
(514.5 nm) line of an Innova 70 argon laser. The laser beamwas focused
on the sample through a 100× objective. Wavenumber calibration was
made using a neon lamp and a silicon standard.
5. Geology and petrography of the Aitik deposit
The geology of the Aitik deposit comprises Palaeoproterozoic
schists and gneisses of probable volcaniclastic origin (Wanhainen
and Martinsson, 1999), intermediate to maﬁc intrusions, and younger
(1850–1730 Ma; Wanhainen et al., 2005) dykes (Fig. 2). With the ex-
ception of late dykes, the majority of the rocks have experienced at
least two metamorphic events.
A mineralised quartz monzodiorite crops out in the footwall in the
southeastern part of the open pit and has been intersected by drill
holes in the northeastern part. It is typically grey and plagioclase-
porphyritic with a medium-grained matrix of plagioclase, biotite, K
feldspar, and quartz, and trace amounts of titanite, apatite, and zircon
(Fig. 3a). A quartz vein stockwork is exposed in the quartzmonzodiorite
and in adjacent gneiss (Fig. 3b). It contains two sets of sulphide-bearing
quartz veins. The footwall also comprises strongly sericitised and
chloritised, greyish, amphibole-porphyritic, feldspar–biotite–amphibole
gneiss. The ore zone consists of garnet-bearing biotite schist/gneiss,
hostingmost of the ore, and quartz–muscovite–sericite schist rich in py-
rite. To the west, i.e. towards the hanging wall, the ore zone schists are
bounded by almost barren feldspar–biotite–amphibole gneiss, separated
from the ore zone by amajor thrust (Fig. 2). This hangingwall rock com-
prises units of maﬁc intrusive rocks, is mostly greyish and ﬁne-grained,
and contains abundant accessory magnetite and titanite. Pegmatitic
dykes of several generations, and numerous different vein types, are pre-
sent in the Aitik rocks. Some of these are sulphide-bearing whereas
others are barren.
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Fig. 2. Geology of the Aitik Cu–Au–Ag deposit and its close surroundings. Horizontal
cross section at 100–200 m depth. Position and drill hole number of sampled drill
cores are shown. Grid shows local coordinates in metre.
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In a detailed petrological and geochemical study, Wanhainen et al.
(2006) showed that the intrusion in the footwall of the Aitik deposit
consistsmainly of quartzmonzodiorite andmicro-quartzmonzodiorite.
The quartz monzodiorite has a U–Pb zircon age of 1887±8 Ma and isdescribed by Wanhainen et al. (2006) as a ﬁne-grained (0.3–0.6 mm),
porphyritic rock (Fig. 3a) with slightly elongated plagioclase pheno-
crysts. A north–south directed foliation deﬁned by the parallel align-
ment of biotite laths crosscuts an earlier and much weaker foliation,
also deﬁned by the parallel alignment of biotite. Plagioclase phenocrysts
(An30–35; Monro, 1988) are 1–6 mm long and make up approximately
7% of the rock, and the groundmass comprises plagioclase, biotite, K
feldspar and quartz, with accessory apatite, titanite, zircon and opaque
phases (Table 1). The micro-quartz monzodiorite is macroscopically
distinguished from the quartz monzodiorite only by its ﬁner grain size
(0.1–0.3 mm). It exhibits a porphyritic texture and amineralogical com-
position similar to that of themain intrusive phase (Table 1). It also con-
tains the same tectonic fabrics and ore minerals (Wanhainen et al.,
2006). The contacts between these two rocks vary fromdistinct to grad-
ual (Fig. 3c). A grain size coarsening from the contact with the main in-
trusive phase towards the centre indicates that the micro-quartz
monzodiorite is the younger of the two (Wanhainen et al., 2006).
Ore mineral assemblages within the intrusion are characterised by
chalcopyrite, pyrite and magnetite, occurring disseminated and as
veinlets. The character of the ore is described in more detail below.
5.2. Footwall feldspar–biotite–amphibole gneiss
Besides the quartz monzodiorite, a greenish-grey to brownish dark
grey, ﬁne-grained feldspar–biotite–amphibole gneissmakes up the foot-
wall at Aitik. Due tometamorphism, the contact between these two rock
types is gradational. Xenoliths of feldspar–biotite–amphibole gneiss are
present near themargin of the quartzmonzodiorite (Fig. 3d), conﬁrming
that the quartz monzodiorite is intrusive into the surrounding gneiss.
The feldspar–biotite–amphibole gneiss is mainly porphyritic with
amphibole phenocrysts, 6–20 mm in diameter, making up approxi-
mately 10% of the rock. They contain inclusions of epidote, calcite,
and titanite, and are stretched out along a north–south foliation
which is prominent throughout the rock and deﬁned by the parallel
alignment of biotite laths. Similar to the quartz monzodiorite, an ear-
lier and much weaker foliation is present and deﬁned by the parallel
alignment of biotite laths. K feldspar and garnet porphyroblasts are
occasionally present.
The groundmass comprises feldspar (partly sericitised), biotite
(partly chloritised) and amphibole, with accessory apatite, titanite,
zircon and opaque phases (Table 1). Pyrite, magnetite, chalcopyrite,
and pyrrhotite are opaque phases that occur disseminated, as veins,
within amphibole–feldspar veins, and together with late alteration
veins such as K feldspar+epidote. Amphibole in the groundmass oc-
casionally contains ~50 μm-sized inclusions of rounded, pale brown
allanite grains exhibiting characteristic pleochroic haloes.
5.3. Ore zone schists and gneisses
The ore zone at Aitik comprises garnet-bearing biotite schist/gneiss in
the eastern part and quartz–muscovite–sericite schist in thewestern part
of the ore zone. The dominant rock type is the light grey biotite schist/
gneisswith approximately 1–2% garnet porphyroblasts, which are gener-
ally around 5 mm in size. The microcrystalline groundmass (grain size of
groundmass minerals is generally b0.2 mm) contains feldspar (of which
~40% is plagioclase), biotite, amphibole and quartz,with opaqueminerals
and 2% accessory minerals that include tourmaline, apatite, ﬂuorite, and
titanite (Table 1). Pre-metamorphic biotite, plagioclase, and minor qua-
rtz, are overprinted by metamorphic assemblages of dominantly garnet,
amphibole, chlorite, sericite andbiotite, and later hydrothermal alteration
assemblages of mainly amphibole, scapolite, epidote, K feldspar, garnet,
and quartz. Early biotite is intimately associated with opaque phases,
mainly chalcopyrite, and garnets commonly contain inclusions of early
biotite, feldspar, quartz, and sulphides. Myrmekite is observed in a few
places within the biotite schist/gneiss. Finely disseminated chalcopyrite
and specks of chalcopyrite, pyrite and pyrrhotite are the most common
Fig. 3. Photographs and photomicrograph of Aitik rock types. (a) Quartz monzodiorite. (b) Quartz stockwork veining at the contact between quartz monzodiorite and biotite schist.
(c) Contact between quartz monzodiorite (left) and micro-quartz monzodiorite (right) in the footwall. (d) Xenolith of feldspar–biotite–amphibole gneiss within the margin of the
quartz monzodiorite. (e) Hanging wall feldspar–biotite–amphibole gneiss with characteristic tectonic banding of amphibole, plagioclase, and quartz close to the ore zone contact.
(f) Photomicrograph in transmitted, cross-polarised light showing the contact between quartz stockwork vein (left) and host rock (right). Quartz is inequigranular and shows
undulose extinction, and is slightly ﬂattened in the direction of S2 foliation.
Table 1
Main matrix mineralogy of samples representing the general composition of the Aitik rock types (in vol.%) based on point counts of 46 thin sections (500 points per thin section).
Qmd: quartz monzodiorite, FW: footwall, HW: hanging wall, OZ: ore zone, Gt-bt: garnet–biotite, Mu-ser: muscovite–sericite.
Rock type Qmd Micro-Qmd (FW) Micro-Qmd (OZ) Gt-bt schist Mu-ser schist FW gneiss HW gneiss Meta-gabbro Amphibolite Meta-dolerite
Drill core 679 879 724 799 799 659 879 799 879 879
Amphibole tr 1 22 7 39 63 16
Plagioclase 54 53 28 2a 44a 43a 7a 26
K-feldspar 8 16 35a 56a 31a 41a 12a 9a 38
Quartz 6 6 2 2 11a
Biotite 27 18 22 33 6 32 18 15 15
Muscovite tr 45 6
Sericite 2 2 2 tr 2 1 10 2 5
Chlorite 1 2 tr
Epidote tr 1 2 2 1 10
Scapolite 8
Tourmaline 5 1 tr
Titanite 1 1 1 1 3
Apatite tr tr tr tr tr
Fluorite 1 2
Allanite tr
Opaques 2 2 tr 5 tr 2 1 2
a Difﬁcult to distinguish between plagioclase, K-feldspar, and quartz.
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merous quartz veins, pegmatite dykes, and barite veins.
Next in abundance is the ﬁne-grained, pyrite-rich quartz–
muscovite–sericite schist which is common in the western part
of the ore zone towards the hanging wall, but also interﬁngers
with the biotite schist/gneiss throughout the entire ore zone
(Fig. 2). The quartz–muscovite–sericite schist is generally similar to
the biotite schist/gneiss but contains less ferromagnesian minerals,
such as amphibole and biotite, and higher amounts of quartz,muscovite
and pyrite (Table 1). It comprisesmuscovite (partly sericitised andwith
relics of biotite), feldspar (mainly K feldspar), quartz, and tourmaline,
with accessory apatite and opaque phases. Pyrite is common and occurs
as disseminated, euhedral crystals.Magnetite, chalcopyrite, and pyrrho-
tite occur mainly as specks elongated parallel to the dominant foliation.
Post-metamorphic tourmaline is ﬁnely dispersed throughout the schist.
Together with quartz and apatite, it overgrows the youngest folia-
tion thus representing one of the latest mineral phases in the Aitik
deposit. Syn-metamorphic tourmaline is visible as porphyroblasts.
Garnet porphyroblasts are not as large or as common as in the bio-
tite schist/gneiss.
A third rock type is distinguished in several places within less foliated
sections of the biotite schist/gneiss (Wanhainen et al., 2006). This rock
generally exhibits a larger grain size (0.2–0.5 mm) than the biotite
schist/gneiss and contains relics of plagioclase phenocrysts. The matrix
composition is slightly different from that of the biotite schist/gneiss, con-
taining plagioclase, K feldspar, biotite, and quartz, with accessory apatite,
tourmaline, garnet, ﬂuorite, and opaque phases. This rock closely resem-
bles the micro-quartz monzodiorite in the footwall (Table 1), and is also
similarly mineralised, with mainly disseminated chalcopyrite, pyrite and
magnetite aligned parallel to the dominant foliation. The texture and
composition of this rock strongly suggest that the precursor was a por-
phyritic igneous rock similar to the micro-quartz monzodiorite in the
footwall. Plagioclase is partly altered to sericite and scapolite, and bio-
tite to chlorite, tourmaline, quartz, and muscovite. Chlorite is altered
to epidote, which occasionally contains cores of allanite.5.4. Hanging wall feldspar–biotite–amphibole gneiss and minor maﬁc
intrusions
There is amajor lithological change accompanied by an abrupt break
of the ore at the hanging wall/ore zone contact. The hanging wall
feldspar–biotite–amphibole gneiss is grey-greenish to grey-brownish
in colour and ﬁne-grained (~0.2 mm). Accessory magnetite and titanite
occur in a groundmass of plagioclase, biotite, amphibole, and quartz.
Groundmass minerals are partly altered to K feldspar, sericite, chlorite,
epidote, scapolite, and tourmaline. Close to the ore zone contact, this
rock is banded with millimetre- to centimetre-scale laminae made up
of mainly amphibole, plagioclase, and quartz, and bordered by feldspar
and quartz (Fig. 3e).
The feldspar–biotite–amphibole gneiss is interlayered with 2–6 m
wide units (in drill core) of dark green metadolerite, which contains
primary amphibole and plagioclase, and large amounts of secondary
minerals such as K feldspar, sericite, and epidote (Table 1).
7–12 mwide units of strongly foliated, dark green amphibolite are oc-
casionally observed in drill core. This rock type contains either pyroxene
and plagioclase, or amphibole and plagioclase as dominant groundmass
minerals (Table 1) and is typically ﬁner grained than other hanging wall
rocks.
A metagabbro is distinguished in the hanging wall of the Aitik de-
posit as a porphyritic unit with 1.5–2 mm large relics of plagioclase
phenocrysts making up approximately 20% of the rock. It is mostly
grey and contains amphibole, plagioclase, K feldspar, and biotite,
with minor quartz and magnetite (Table 1). Trace amounts of titanite
are present. The metagabbro is deformed, displaying small-scale folds
and elongated phenocrysts.5.5. Pegmatite dykes
Pegmatite dykes contain quartz, K feldspar, and plagioclase, minor
biotite and muscovite, and accessory tourmaline. Pegmatites that par-
allel the main N–S foliation in places display deformation features,
whilst those crosscutting the foliation in an E–W direction are always
undeformed. Pegmatite dykes of both types within the ore zone are
commonly mineralised and those in the hanging wall are barren, con-
sistent with mobilisation of sulphides during dyke emplacement. Ages
of pegmatite dykes range between 1850 and 1730 Ma (Wanhainen et
al., 2005).
5.6. Barite veins
The Aitik ore zone contains approximately 1% barite (Grip, 1978).
Barite veins of at least two generations exist, both spatially associated
with the ore zone. The older generation is strongly deformed and
dated at 1875±6 Ma (Re–Os molybdenite; Wanhainen et al., 2005),
whereas the younger generation is weakly deformed–undeformed
and crosscuts the youngest 1730 Ma pegmatite dykes (Wanhainen
et al., 2005). Both generations are white to light pink and vary in
width from 1 to 50 cm. They generally consist of massive, granular
barite with 0–15% magnetite, 0–10% sulphides (dominantly pyrite),
quartz and feldspar, and in places epidote, calcite, actinolite, tourma-
line, zeolite and thaumasite (Ca3Si(CO3)(SO4)(OH)6·12H2O).
5.7. Quartz vein stockwork
A zone of intense quartz veining is exposed along one of the haulage
roads in the south-eastern part of the open pit (Fig. 3b). Its full dimen-
sions are uncertain, but an approximate horizontal extension is
60×40m. Outside this intensely veined zone, more widely spaced vein-
ing extends for another 140×40m. This stockwork system, described by
Wanhainen et al. (2006), is located along themargins of the intrusion and
in adjacent ore zone schist. It contains two sets of quartz veins. The ﬁrst
set comprises 2–5 mm wide veins of grey-white quartz with few and
very ﬁnely disseminated grains of pyrite, magnetite, and chalcopyrite.
Thin biotite selvages are in places observed along the vein–wall–rock in-
terface. The second set comprises 10–20 mmwide quartz veinswith bio-
tite, chalcopyrite, and pyrite typically concentrated in thin laminae
mainly occupying the central parts of the veins. Both types are deformed,
randomly oriented (although east–west striking veins predominate), and
closely spaced (Fig. 3b).
Quartz grains in the stockwork veins showundulose extinction,minor
grain boundary migration, and a weak preferred orientation parallel to
the foliation of the host rock (Fig. 3f). A mostly inequigranular quartz
vein texture and a slightly ﬂattened shape of individual grains suggest
that the quartz grains are pre-metamorphic and partly recrystallised.
6. Mine-scale structures
The Aitik Cu–Au–Ag deposit is hosted by Palaeoproterozoic
volcaniclastic rocks that are poly-deformed by folding and ductile
shearing, as well as thrusting and brittle faulting. In combination
with regional metamorphism this has caused a complex structural
pattern within the deposit. On the basis of structural measurements,
fold styles, and overprinting relationships within the open pit, four
generations of deformation are recognised in the Aitik area. These
four generations are called D1 to D4, and associated folds and folia-
tions, where present, are classiﬁed as F1 to F4 and S1 to S4.
Evidence for D1 deformation is scarcewithin the deposit area. Its pres-
ence is indicated by a locally preserved foliation (S1) and folding (F1). S1
foliation is visible mainly in the footwall quartz monzodiorite and feld-
spar–biotite–amphibole gneiss. It is deﬁned by a preferred orientation of
biotite in an approximate ESE–WNW direction (Fig. 4a). An F1 fold is
found in one outcropwithin thehangingwall feldspar–biotite–amphibole
Fig. 4. Photographs and photomicrograph of structural features within the Aitik deposit. (a) Locally preserved F1 fold plunging gently towards WNW. (b) Tight F2 folds within the
ore zone plunging 20°S. (c) Open F2 folds within the hanging wall plunging 20°S. Fault plane of major thrust between hanging wall to the left and ore zone to the right. (d) Locally
preserved WNW–ESE directed S1 foliation and dominant N–S directed S2 foliation within the quartz monzodiorite.
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to the S1 foliation and plunges gently 284/29.
During D2 deformation, the rocks were strongly deformed, and F2
folds and S2 foliationwere developed throughout the deposit. The S2 fo-
liation is deﬁned by a preferred orientation of mica in an approximate
N–S direction (Fig. 4a), with dips of 40–60°W (Fig. 5a). The S2 foliation
crosscuts, and has obliterated almost all traces of, the S1 foliation. The
presence of relics of S1 foliation in the footwall intrusion is probably
due to themore competent behaviour of this rock during post-D1 defor-
mation relative to surrounding gneisses and schists. F2 folds are tight
(20–30°) in the ore zone and open (70–80°) in the hanging wall
(Fig. 4c, d), the difference probably being due to the change in lithology
(Park, 1989) to a more micaceous rock type in the ore zone. Both fold
types have a fold axes parallel to S2 and plunging 20°S.
D3 deformation is related to a thrust constituting the contact be-
tween the hanging wall and ore zone. This is a major structure within
the deposit, and one of few faults in the open pit showing reversea
N
Fig. 5. Equal area stereographic plots of poles to foliations, faults, and fractures, contoured t
surements. (b) 230 fault and fracture measurements (Magnor and Mattsson, 2002).sense of movement (Fig. 4d). Thrusting is localised to a several hun-
dreds of metre wide zone of strong ductile deformation developed in
the feldspar–biotite–amphibole gneiss in the hanging wall and the mica
schists in the ore zone.Within the thrust, the feldspar–biotite–amphibole
gneiss displays an amphibole banding (Fig. 3e) within an approxi-
mately 300 m wide zone, and a strong foliation developed in the
ore zone adjacent to the thrust. D3 deformation was probably part-
ly contemporaneously with D2 deformation, causing a local ﬂatten-
ing of the S2 foliation down to 40°W. The thrust was reactivated
during later D4 deformation, which is expressed by a major, brittle,
fault plane characterised by an approximately 10 cm wide zone of
intensely chlorite-altered quartz–muscovite–sericite schist.
D4 does not correspond to a discrete episode of deformation. All brittle
structures are grouped into D4 on the basis of overprinting relationships
and styles. This deformation is manifested by multidirectional brittle
fault sets. These faults commonly represent a reactivation of already exis-
ting structures. They dominantly strike approximately E–W, and areb
N
o show dominant directions of structures within the Aitik mine. (a) 213 foliation mea-
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order of 20–50 cm,with the exception of themajor thrust, which is offset
by at least 50–100 m.
7. Geochemistry
Major and trace element analyses representative of the different
rock types at Aitik are given in Table 2. Schists in the ore zone were
suggested by Wanhainen and Martinsson (1999) to belong to the re-
gionally extensive Porphyrite Group, which is dominated by andesites
and interpreted to have formed in a compressional tectonic regime in
a volcanic arc setting (Perdahl, 1995). In a Ti–Zr discrimination diagram
for basalts (Pearce, 1982) the hanging wall and footwall gneisses also
plot within the same ﬁeld as the Porphyrite Group (Fig. 6). The footwallTable 2
Major and trace element analyses of representative samples from the Aitik rock types. Qmd
HW: hanging wall, OZ: ore zone, ND: not detected, LOI: loss on ignition. Major element and S
Rock type Qmd Micro-Qmd (FW) Micro-Qmd (OZ) Gt-bt schist Mu-ser
Sample no. 820:2 785:5 724:29 799.S31 799:11
SiO2 63.38 63.91 60.93 54.51 59.33
Al2O3 16.29 15.81 16.43 17.39 18.93
Fe2O3 4.82 5.09 6.98 9.05 5.55
MnO 0.06 0.04 0.76 0.37 0.26
MgO 2.70 2.17 1.55 3.63 2.14
CaO 3.16 3.00 3.18 4.80 4.18
Na2O 4.70 4.38 1.63 1.04 2.72
K2O 3.77 4.16 6.40 5.73 4.05
TiO2 0.50 0.52 0.47 0.91 0.72
P2O 0.18 0.20 0.18 0.71 0.39
LOI 0.66 0.72 0.90 1.61 1.59
Total 100.22 100.01 99.42 99.76 99.86
Au (ppb) 26 44 136 24 130
Ba 1224 926 4410 1680 1450
Bi 0.4 0.6 0.6 0.7 1.1
Co 15 11 15 21 25
Cr 161 130 98 51 103
Cs 3.8 2.2 6.2 10.1 9.5
Cu 982 1231 3740 1120 1470
Ga 22 21 26 25 24
Hf 3.0 2.7 3.3 4.3 5.5
Mo 41 13 35 ND 8
Nb 5 6 7 16 17
Ni 14 ND 24 22 ND
Pb 13 23 10 8 11
Rb 108 83 155 226 162
S 0.26 0.17 0.47 1.08 1.06
Sb 0.8 1.1 27.4 1.5 7.8
Sn ND 5 6 4 4
Sr 660 623 374 321 295
Ta 0.37 0.36 0.40 0.90 3.20
Th 4.9 4.6 5.8 7.0 15.6
Tl 0.4 0.3 0.7 1.1 0.9
U 1.8 1.6 3.8 2.5 6.1
V 81 86 98 200 148
W 20.0 0.7 4.0 7.0 14.0
Y 7 9 14 22 17
Zn 40 30 77 172 125
Zr 112 103 116 174 222
La 17.0 22.0 32.9 49.6 50.8
Ce 34.0 46.0 63.0 112.0 110.0
Pr 4.05 5.46 6.59 13.40 12.30
Nd 16.0 21.0 24.5 57.4 46.8
Sm 2.7 3.4 3.9 9.8 7.4
Eu 0.76 0.92 1.02 2.60 1.89
Gd 1.9 2.5 2.7 7.5 4.8
Tb 0.3 0.3 0.5 0.9 0.7
Dy 1.4 1.7 2.6 4.7 3.5
Ho 0.3 0.3 0.5 0.9 0.6
Er 0.8 0.9 1.5 2.4 1.9
Tm 0.12 0.13 0.24 0.36 0.29
Yb 0.7 0.8 1.5 2.3 2.0
Lu 0.10 0.13 0.22 0.33 0.29gneiss is distinct in Ti–Zr composition from the gneiss and schist in the
hanging wall and ore zone, which plot in the arc ﬁeld with a relatively
large scatter. This variation in Ti–Zr signature suggests that the host
rocks are probably derived from several different magmas, and/or that
some of the rocks are reworked volcaniclastic rocks, and consequently
have different geochemical signatures compared to primary (juvenile)
igneous rocks from which they are derived.
The Aitik schists and gneisses have immobile element compositions
(for example Zr, Ti, Nb, and Y) similar to basic to intermediate, igneous
rocks (Figs. 6 and 7). They are suggested to be metamorphosed basaltic
andesites, but from geochemical and petrographic data it cannot be ex-
cluded that the hanging wall and ore zone precursors are sediments de-
rived from volcanic rocks. The Ti–Zr diagram by Pearce (1982) is
constructed for volcanic rocks, and the intrusive rocks in the footwall of: quartz monzodiorite, Gt-bt: garnet–biotite, Mu-ser: muscovite–sericite, FW: footwall,
data are shown in wt.%. Trace element data are shown in ppm unless otherwise noted.
schist FW gneiss HW gneiss Meta-gabbro Amphibolite Metadolerite
855.S43 879.S16 799.S26 879.S11 879.S2
57.66 59.88 51.54 49.77 56.30
15.92 16.39 17.48 11.98 16.08
8.49 7.66 10.60 9.37 12.02
0.12 0.09 0.16 0.32 0.13
4.87 2.33 4.82 13.24 1.41
5.26 3.43 9.41 9.23 4.57
3.57 3.89 3.22 2.17 3.93
2.94 3.39 0.67 1.11 2.79
0.75 0.62 1.02 0.44 1.16
0.24 0.16 0.15 0.10 0.26
0.67 0.85 0.59 1.87 0.73
100.49 98.70 99.66 99.60 99.38
ND ND ND ND 5
549 236 450 178 685
ND ND ND ND ND
23 29 38 53 25
35 162 148 1440 114
4.1 6.2 3.6 8.1 2.3
49 ND 50 ND 46
18 20 21 14 22
2.7 3.2 2.7 1.5 4.5
ND ND ND ND ND
6 6 5 3 10
23 50 ND 144 29
ND 6 ND ND 11
135 112 23 131 105
0.08 ND ND ND ND
1.2 ND 0.8 1.0 4.2
1 ND ND ND 1
809 127 296 328 352
0.30 0.40 0.30 0.20 0.60
5.9 6.4 3.5 2.1 7.2
0.8 0.6 0.1 0.7 0.4
1.8 1.6 1.6 0.4 2.9
173 121 236 153 248
ND ND ND ND 2.0
16 12 21 11 21
ND 39 ND 65 ND
102 117 97 54 179
27.4 18.1 13.5 10.5 29.9
52.6 37.4 28.7 21.5 58.2
5.64 4.19 3.38 2.60 6.90
22.7 15.9 15.2 10.6 27.6
4.1 3.0 3.5 2.1 5.0
1.20 0.86 1.09 0.69 1.38
3.6 2.4 3.7 1.9 4.2
0.5 0.4 0.7 0.3 0.6
3.1 2.3 4.1 1.8 3.6
0.6 0.5 0.8 0.4 0.7
1.8 1.3 2.4 1.1 2.0
0.28 0.20 0.34 0.17 0.30
1.8 1.3 2.3 1.1 1.8
0.28 0.18 0.34 0.16 0.28
100010010
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HW feldspar-biotite-amphibole gneiss
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Ore zone mica schists
Fig. 6. Ti–Zr discrimination diagram for basalts (Pearce, 1982). HW= hanging wall, FW=
footwall. Data for volcanic rocks belonging to the Porphyrite Group (light shaded area) and
the Kiirunavaara Group (dark shaded area) are taken from Perdahl (1995). Samples from
the Porphyrite Group showing distinctly high Zr-content, and thus plotting in the WPB
ﬁeld, belong to the andesitic host rock of the Tjårrojåkka Cu–Au deposit. The variation in
Zr-content is suggested by Edfelt et al. (2005) to represent a primary fractionation trend.Me-
dium shaded area shows the Aitik intrusive rocks (for comparison). Contents are given in
ppm.
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Themaﬁc intrusive rockswithin the hangingwall gneiss plot as three dis-
tinct groups (Fig. 6). The meta-gabbro displays similar Ti–Zr values to
some of the volcaniclastic rocks, and the meta-dolerites plot as two dis-
tinct groups, one displaying high Ti-content similar to the Kiirunavaara
Group of volcanic rocks in the WPB ﬁeld, and the other displaying low
Zr-content within the arc ﬁeld. Since hydrothermal titanite occurs in
this deposit, one cannot rule out the possibility of hydrothermal ﬂuids af-
fecting the content of immobile elements through alteration ofmass gains
or losses, which in turn would inﬂuence the outcome of the diagram.1 10 100 1000
1
10
100
1000
Nb
Y
WPG
ORG
VAG +
syn-COLG
FW quartz monzodiorite
FW micro-quartz monzodiorite
Ore zone micro-quartz monzodiorite
Fig. 7. Nb–Y discrimination diagram for granites (Pearce et al., 1984). FW = footwall.
Data for Haparanda Suite intrusions (dark shaded area) are taken from Martinsson
(unpubl. data). Data for Perthite Monzonite Suite intrusions (hatched area) are taken
from Kathol and Martinsson (1999). Light shaded area show the Aitik volcaniclastic
rocks (for comparison). Contents are given in ppm.The quartzmonzodiorite has been classiﬁed as a volcanic arc intrusion
of Haparanda type (Wanhainen et al., 2006). In a Nb–Y discrimination di-
agram for granites (Pearce et al., 1984) the rock in the ore zone exhibiting
relict igneous texture plots as the footwall quartz monzodiorite and
micro-quartz monzodiorite (Fig. 7). It also displays a close overall geo-
chemical similarity to these footwall intrusions (Table 2), indicating a
common origin for these rocks. Monro (1988) suggests that the hanging
wall metagabbro is geochemically and texturally similar to, and could
be part of, the Haparanda Suite.
The K2O-content is higher and the CaO-content and Na2O-content are
lower in the host schists compared to the surrounding gneisses (Fig. 8). Ba
shows a relatively high content within the ore zone (Fig. 8), probably due
to the occurrence of barite, and the high Ba-content of K feldspar (0–7%)
and biotite (0.3–1.5%) (Monro, 1988). The increased Mn-content in the
ore zone (Fig. 8) is due to the spessartine–almandine composition of gar-
nets (Monro, 1988).
8. Metamorphic and hydrothermal alteration
Mineralogical changes occurring as a result of prograde and retro-
grade metamorphism, and in association with emplacement of intru-
sive bodies, can be difﬁcult to separate. The alteration paragenesis at
Aitik has been established through careful observation of crosscutting
and overprinting (replacement) relationships in open pit exposures,
drill core, and thin section. In thin section it is evident that themajority
of minerals in the Aitik deposit are present in several generations. The
mainmodiﬁcation of themineralogy of the rocks comprise replacement
of plagioclase by K feldspar, sericite, scapolite, epidote and calcite, of bi-
otite by amphibole, K feldspar, chlorite, epidote, tourmaline, and mus-
covite, and of amphibole by biotite, K feldspar, tourmaline and apatite.
Alteration of the feldspar–biotite–amphibole gneiss in the footwall is
dominated by selective sericitisation of feldspar along micro-fractures
and chloritisation of biotite (Fig. 9a). Plagioclase is partly altered to scap-
olite (Fig. 9b), which in turn is replaced by chlorite and epidote. Amphi-
bole is partly altered to biotite and epidote. Secondary biotite replacing
amphibole occasionally contains allanite grains inherited from the amphi-
bole crystals. Calcite replacing plagioclase and a second generation of ep-
idote replacing chlorite are minor alteration features.
Microcline grains are usually part of the groundmass of the porphy-
ritic quartz monzodiorite, and secondary biotite is present as euhedral
to anhedral rectangular ﬂakes and as ragged crystals with greenish to
brownish-green pleocroism. Plagioclase phenocrysts are either strongly
sericite- and/or K feldspar/epidote-altered, or completely subgrained
with anhedral and elongated shapes showing only minor alteration. In
themicro-quartzmonzodiorite, K feldspar is more abundant and biotite
less abundant than in the quartz monzodiorite (Table 1).
Many types of alteration of mineral assemblages are recognised
in the Aitik ore zone. Amphibole–garnet–(biotite) represents peak-
metamorphic assemblages, and quartz–sericite–epidote–chlorite–
calcite represents retrograde conditions. Apatite, tourmaline,muscovite,
amphibole,magnetite, garnet, scapolite, actinolite, quartz, andK feldspar–
epidote alterations probably represent magmatic–hydrothermal alter-
ation of minerals, with quartz–amphibole–magnetite veinlets bordered
by large (up to 2 cm) garnets as one of the most characteristic features.
Alteration of the feldspar–biotite–amphibole gneiss in the hanging
wall is dominated by sericite and scapolite alteration of feldspar and
amphibole, and by chlorite alteration of biotite and scapolite. Chlorite
is in turn altered to tourmaline. In the maﬁc dykes, amphibole largely
replaces pyroxene, and biotite is partly replaced by K feldspar, ser-
icite, and epidote. A second generation of plagioclase forms light-
greyish borders enveloping the maﬁc dykes and amphibole bands.
9. Mineralisation
Ore grade mineralisation at Aitik is hosted within garnet-bearing bio-
tite schist/gneiss, quartz–muscovite–sericite schist, quartz monzodiorite
315C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331and footwall feldspar–biotite–amphibole gneiss. Mineralisation is nearly
absent in the hanging wall feldspar–biotite–amphibole gneiss
(Fig. 8), with bornite, chalcopyrite and pyrite occasionally occurring
in late, ca. 1.78 Ga, amphibole–quartz–epidote–K feldspar–magnetite
veins (Wanhainen et al., 2005).
Themain copper-bearing mineral is chalcopyrite. Bornite and chalco-
cite are present inminor amounts. Other opaqueminerals include (in de-
creasing order of abundance) pyrite, magnetite, pyrrhotite, ilmenite, and
molybdenite. Oreminerals occur in several different settings: disseminat-
ed, as veinlets, as patches and clots, in several types of veins togetherwith
varying amounts of other minerals such as quartz, amphibole, garnet,Fig. 8. Variation of selected elements across the Aitik deposit. Shaded area shows the ore z
coordinates in metre (horizontal scale). Chemical analyses are made on representative, lith
given in Fig. 2.magnetite, zeolite, tourmaline, barite, and thaumasite, and in pegmatite
dykes (Wanhainen and Martinsson, 2003). The disseminated ore style
is quantitatively the most important.
The metal distribution in the Aitik deposit, described by Wanhainen
et al. (2003b), is characterised by both horizontal and vertical zonation
patterns. Chalcopyrite ismost common in the biotite schist/gneiss. Pyrite
is common throughout the deposit but most abundant in the quartz–
muscovite–sericite schist, reﬂected in the increase in sulphur content to-
wards the hangingwall (Fig. 8).Magnetite is evenly disseminatedwithin
most of the Aitik rocks, but most abundant in the hanging wall where it
averages 2% by volume. Copper and gold mineralised areas trendone. Hanging wall situated to the left, and footwall to the right of the ore zone. Local
ologically homogenous 1 m sections of drill cores. Position of sampled drill cores are
Fig. 8 (continued).
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wards northeast (Au) and north-northwest (Cu). Restricted gold-rich
areas are mainly found close to the hanging wall and footwall contacts
(Wanhainen et al., 2003b). From drill core data it is evident that grades
of copper display a zonal pattern in the footwall quartz monzodiorite,with a transition from a low-grade inner part to a higher-grade outer
part (Wanhainen et al., 2006).
Pyrite is the predominant sulphide mineral at Aitik and occurs as
subhedral–euhedral dissemination and veins throughout the deposit.
Grains are commonly enveloped by chalcopyrite, or by chalcopyrite
317C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331andmagnetite (Fig. 9c–f). A zonation that appears in the pyrite crystal
when polished sections have been subject to oxidation makes it pos-
sible to distinguish two varieties of pyrite. One has a cubic shape and
shows a simple zonation, and the other shows more complex faces
and a more complex internal zonation that commonly ends abruptly
towards chalcopyrite. The fact that they are mostly euhedral andFig. 9. Photomicrographs of mineralisation and alteration in the Aitik deposit. (a) Relic of am
wall feldspar–biotite–amphibole gneiss. Transmitted light. (b) Scapolite replacing plagiocla
Pyrite rimmed by magnetite and remnants of chalcopyrite. Reﬂected light. (d) Pyrite with ra
chalcopyrite. Reﬂected light. (e) Right: Magnetite replacing chalcopyrite. Left: Pyrite rimm
rimmed by anhedral chalcopyrite and magnetite, illustrating the main ore mineralogy in the
mitted light. (h) Remnants of early S1 foliation represented by chlorite-altered biotite. Tranfracture-free suggests that they have grown as porphyroblasts during
metamorphism.
Chalcopyrite is the next most abundant sulphide mineral. It occurs
mainly as disseminated anhedral grains, massive blebs, and in silicate
veins. It is commonly intergrownwith, and found as inclusions in,magne-
tite. Together with magnetite it typically encloses pyrite grains (Fig. 9f).phibole phenocryst in the strongly chloritisised and sericitised groundmass of the foot-
se in micro-quartz monzodiorite in the ore zone. Transmitted, cross-polarised light. (c)
gged magnetite inclusion. Pyrite rimmed by chalcopyrite. Border of magnetite replacing
ed by chalcopyrite. Top centre: Ilmenite. Reﬂected light. (f) Subhedral pyrite grain
Aitik deposit. Reﬂected light. (g) Opaque minerals aligned parallel to S2 foliation. Trans-
smitted light.
Table 3
Location and description of ﬂuid inclusion samples.
Sample no. Location (dh/m or local x, y, z coord) Description
SW4c 7850X, 5500Y, 120Z Sulphide-bearing quartz stockwork vein within biotite gneiss in the ore zone.
25 879/447.3 Quartz–amphibole–scapolite alteration within mica schist in the ore zone. Amphibole contains chalcopyrite and pyrite.
28 799/430.1 Quartz–garnet alteration within mica schist in the ore zone. Quartz contains chalcopyrite.
Garnets are elongated and typically concentrated at the contact between quartz and mica schist.
29 799/450.5 Quartz–garnet alteration within mica schist in the ore zone. Quartz contains pyrite and minor chalcopyrite.
Garnets are elongated and typically concentrated at the contact between quartz and mica schist.
26 799/237.1 Quartz–garnet–magnetite alteration within mica schist in the ore zone. Quartz contains chalcopyrite.
30 799/461.0 Quartz–garnet–magnetite alteration within mica schist in the ore zone. Quartz contains chalcopyrite.
32 799/491.8 Sulphide-bearing quartz–tourmaline–garnet alteration within biotite schist in the ore zone.
33 799/500.9 Sulphide-bearing quartz–tourmaline–garnet alteration within biotite schist in the ore zone.
24a 879/59.5 Quartz–amphibole–pyroxene–magnetite alteration within feldspar–biotite–amphibole gneiss in the hanging wall.
24b 879/59.5 Calcite-ﬁlled fracture that cuts quartz (–amphibole–pyroxene) alteration envelope surrounding Sample 24a.
35a 855/81.0 Quartz–scapolite–amphibole alteration within feldspar–biotite–amphibole gneiss in the footwall.
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ore are widespread, especially in the eastern part of the ore zone
(Wanhainen et al., 2003b). These concentrations form anhedral blebs
along grain boundaries of groundmass minerals. Disseminated chalco-
pyrite grains are mostly elongated and aligned parallel to the dominant
north–south foliation (Fig. 9g), and in places concentrated in the hinge
zones of folds.
Magnetite occurs as subhedral–euhedral disseminated grains and dis-
crete veins throughout most of the Aitik rocks, although it shows an in-
crease in the hanging wall gneiss, indicated by the higher Fe2O3-content
in the hangingwall compared to footwall and ore zone (Fig. 8). It also oc-
curs as anhedral grains at themargin of pyrite grains,within pyrite grains,
and intergrown with mainly chalcopyrite, and in places pyrrhotite
(Fig. 9c–f). Inclusions of chalcopyrite are commonly present. Magnetite
is commonly associated with barite veins, quartz–muscovite–sericite
schist, amphibole–quartz–K feldspar–epidote veins, and quartz–garnet
veins. Pyrite, chalcopyrite, and magnetite generally coexist. Inclusions of
magnetite with a ragged surface within pyrite grains (Fig. 9d) suggest
that some magnetite formed earlier than the sulphides. Magnetite
enclosing pyrite and chalcopyrite (Fig. 9d), however, indicates that part
of the magnetite has been formed later than the sulphides.
Molybdenite mainly occurs in pegmatite dykes and quartz veins.
Bornite and chalcocite occur in association with chalcopyrite and py-
rite in late stage quartz veins. Ilmenite occurs as small, discrete grains,
unrelated to other opaque minerals.
10. Fluid inclusion petrography and microthermometry
Eleven samples were selected for ﬂuid inclusion analysis from drill
cores along a proﬁle crosscutting the northern part of the ore body
(Fig. 2) and from the southern part of the open pit. Samples represent
quartz veins and the vein–wall–rock interface with different alter-
ation types and a quartz stockwork vein (Table 3). During metamor-
phism some of the samples have been signiﬁcantly modiﬁed by
recrystallisation. In these, nearly all primary features have been
wiped out and replaced, and new generations of ﬂuid inclusions are
trapped under a range of different mineral growth conditions, whilst
other samples like the quartz stockwork vein are better preserved
and offer the best prospect to search for primary ore-related ﬂuid in-
clusions. Samples were also chosen that displayed overprinting alter-
ation stages that were expected to have involved different ﬂuids
which should result in a complex mixture of different ﬂuid inclusion
types in the samples. However, by careful examination of the double
polished thin sections it was possible to separate speciﬁc ﬂuid inclu-
sion types. Taking into consideration that it is unlikely for one sample
to contain all types of ﬂuid inclusions and that the grade of metamor-
phic overprint varies within the ore, it is necessary to look at many
samples along a proﬁle to build up a model of different ﬂuids that have
been involved in ore formation or affected the ore during some later
event. Fluid inclusions in the studied samples have been divided intodifferent types: Primary inclusions (AP and CP) and secondary inclusions
(AS1, BS1, CS, AS2, AS3 and BS2) classiﬁed by their mode of occurrence
and their composition in combinationwith Raman spectrometric analyt-
ical data. The letter A stands for aqueouswith solid phases, B for aqueous
without solid phases and C for carbon dioxide. The ﬂuid inclusions are
identiﬁed as primary (P) or secondary (S) based on the criteria described
by Roedder (1984).10.1. Samples and ﬂuid inclusion types
10.1.1. Sample SW4c: Stockwork quartz veins within biotite gneiss in the
ore zone with chalcopyrite, pyrite and some magnetite
A few primary, randomly scattered, aqueous ﬂuid inclusions are pre-
sent in quartz. The inclusions consist of an aqueous liquid and a vapour
bubble together with a solid phase. This type of inclusions (Type AP,
Fig. 10a) represents the conditions during the formation of quartz veins
at Aitik. They are always associated with chalcopyrite. The solid phase is
translucent, isotropic and has a well-developed cubic form. Its behaviour
on heating and the absence of a detectable Raman signal suggest that the
solid is halite. The phase proportions are relatively uniform with about
2–5 vol.% vapour and a similar vol.% solid phase. The shape of the inclu-
sions is irregular and the size is b20 μm.10.1.2. Sample 25: Quartz vein within amphibole–scapolite altered mica
schist in the ore zone, with chalcopyrite and pyrite in quartz and amphibole
The quartz is “dirty”withmany sulphide and ﬂuid inclusions. The sul-
phides occur both as relatively well-crystallised grains with straight
edges, but many grains have obtained a more rounded outline and
small blobs have been dragged away and trapped together with
secondary ﬂuid inclusions in healed microfractures. A few primary aque-
ousﬂuid inclusionswith halite (Type AP, Fig. 10a, see Sample SW4c) have
survived in quartz surrounded by well-crystallised chalcopyrite.
Secondary ﬂuid inclusions are present in a large number in healed
microfractures which crosscut quartz grain boundaries and clearly
post-date the main chalcopyrite deposition and represents ﬂuid
trapping during subsequent amphibole–scapolite alteration events
which also have affected the sulphides. Two types of secondary
aqueous inclusions appear in separate microfractures in the quartz:
One type (Type AS1, Fig. 10b), which is interpreted as responsible
for the amphibole–scapolite alteration, is almost completely ﬁlled
with a large cubic halite crystal and the vapour bubble is very small
(b2 vol.%). The size of the inclusions can be up to 15 μm and their
shape is irregular, but commonly controlled by the form of the halite
crystal. The other type (Type BS1) consists of one or two aqueous
phases and appears with varying phase proportions, from 100 vol.%
liquid to inclusions that are almost completely ﬁlled with vapour.
The inclusions typically have a round shape and their size may
reach 50 μm, but most are b15 μm.
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Fig. 10. Photomicrographs showing examples of ﬂuid inclusions in the Aitik samples (at room temperature). (a) Halite-bearing Type AP inclusions in Sample 25. (b) Type AS1 in-
clusions with a large halite crystal in Sample 28. (c) Type AS2 inclusion containing halite, calcite and CO2 in Sample 24b. (d) Type AS3 inclusion containing halite and fer-
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319C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–33110.1.3. Sample 28: Quartz vein within mica schist in the ore zone, with
garnet as the main alteration mineral along the vein contacts
The sample is poor in sulphides with minor chalcopyrite and pyrite.
The quartz is very clear and contains both CO2 and aqueous ﬂuid
inclusions.
CO2 inclusions (Type C) appear as different populations: the pri-
mary type (CP) has a random occurrence in quartz. These inclusions
consist of one liquid phase at room temperature and most of them
have a negative crystal shaped (trigonal) form. The secondary type
(CS, Fig. 10c) consists of a liquid and a gas phase at room temperature.
These inclusions are round or irregularly shaped and occur either as
clusters, which in many places are connected to grain boundaries,
or along healed microfractures within quartz grains. The size of
both primary and secondary inclusions in quartz reaches 20 μm.
Secondary aqueous ﬂuid inclusions occur in well-deﬁned healed
microfractures which crosscut quartz grain boundaries. Three phase in-
clusions with an aqueous liquid, a small vapour phase and a large halite
crystal (Type AS1, Fig. 10b, see Sample 25) occur in a few trails whilst in-
clusions with varying phase proportions, from liquid inclusions with a
small vapour phase to inclusions almost completely ﬁlled with va-
pour (Type BS1, see Sample 25) are trapped in the majority of the
microfractures.10.1.4. Sample 29: Quartz vein within mica schist in the ore zone, with
garnet and coarse biotite as the main alteration minerals along the vein
contacts
The sample is rich in pyrite and chalcopyrite. The plagioclase has been
altered to biotite which in many places is altered to chlorite. Epidote is
present in the sample. A few primary halite-bearing inclusions (Type
AP, Fig. 10a, see Sample SW4c) are trapped in association to chalcopyrite.
Secondary CO2 inclusions (Type CS, Fig. 10c, see Sample 28) with a
liquid and a gas phase at room temperature are trapped in short intra-
grain trails.
A large number of healed microfractures which radiate out from
the biotite (and chlorite) contain secondary aqueous inclusions with
varying phase proportions, from liquid inclusions with a small vapour
phase to inclusions almost completely ﬁlled with vapour (Type BS1,
see Sample 25).
10.1.5. Sample 26: Quartz vein within mica schist in the ore zone, with a
lot of garnets along the vein contacts
The quartz is clear, andminor pyrite and chalcopyrite are squeezed to-
gether between garnet grains. A few vapour-ﬁlled aqueous inclusions
(Type BS1, see Sample 25) are present close to some of the garnet. Prima-
ry type aqueous inclusions in garnet are few and very difﬁcult to observe
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320 C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331due to their roughwalls (Fig. 10d). Their shape is irregular and they are in
general around 10 μm, but one inclusion has a size of 75 μm. They consist
of a liquid and a vapour phase and the vapour phase occupies 5–10 vol.%
of the total inclusion volume. The inclusions are randomly distributed and
occur together with solid inclusions of quartz.
10.1.6. Sample 30: Quartz vein within mica schist in the ore zone, with
magnetite, garnet and coarse biotite as alteration minerals
The sample contains minor pyrite and chalcopyrite, and coarse bi-
otite is in many places attached to the sulphides. The quartz is clear
with secondary aqueous inclusions with varying vapour to liquid ra-
tios (Type BS1, see Sample 25) in well-deﬁned transgrain trails.
10.1.7. Sample 32: Quartz vein within biotite schist in the ore zone
The quartz is clear and the sample is tourmaline-rich. Other alter-
ation minerals are magnetite and coarse biotite. The sulphides in the
sample consist of chalcopyrite, bornite andminor pyrite. The coarse bio-
tite is commonly attached to chalcopyrite. Vapour-ﬁlled secondary aque-
ous inclusions (Type BS1, see Sample 25) occur in healed microfractures
which radiate out from the coarse biotite. Secondary aqueous inclusions
in well-deﬁned healed microfractures in quartz and associated with
bornite have uniform phase proportions, with between 2 and 5 vol.% va-
pour (Type BS2). The shape of the inclusions is irregular to roundand the
size may reach 55 μm, but in most cases is b15 μm.
10.1.8. Sample 33: Quartz vein within biotite schist in the ore zone, with
clear quartz and altered plagioclase, coarse biotite and tourmaline
The sulphides consist of chalcopyrite, pyrite and some bornite.
Secondary aqueous two phase, liquid and vapour, inclusions in well-
deﬁned healed microfractures commonly associated with bornite in
quartz have uniform phase proportions, with between 2 and 5 vol.%
vapour (Type BS2, see Sample 32).
Primary CO2 inclusions in tourmaline consist of a liquid and a gas
phase at room temperature. These inclusions have an elongated shape
and follow the x-axis of the host crystal. Their size is b50 μm. Two-
phase CO2 inclusions (Type CS, Fig. 10c) are also found in quartz as sec-
ondary trans-grain trails and in places these trails also crosscut biotite.
10.1.9. Sample 24a: Quartz within feldspar–biotite–amphibole–pyroxene
gneiss in the hanging wall
Magnetite is common in the sample, but no sulphides are present. In
association with quartz the amphibole has been altered to epidote. Sec-
ondary aqueous two-phase, liquid and vapour, inclusions with uniform
phase proportions (Type BS2, see Sample 32) crosscut the quartz.
10.1.10. Sample 24b: Quartz-rich sample within feldspar–biotite–amphi-
bole–pyroxene gneiss in the hanging wall
Magnetite is the only opaque phase in the sample. A calcite ﬁlled
fracture crosscut the quartz. The sample is intensively altered and
the quartz contains many different populations of ﬂuid inclusions.
CO2 inclusions are found both as primary and secondary inclusions
(Type CP and Type CS, see Sample 28). The primary inclusions have a
random occurrence in some of the quartz grains and consist of one
liquid phase at room temperature. Secondary CO2 inclusions in for-
mer quartz grain boundaries and along intragrain trails in quartz con-
sist of a liquid and a gas phase at room temperature.
Secondary aqueous ﬂuid inclusions with solid phases besides a liq-
uid and a vapour phase are present in healed microfractures in quartz
and two distinctly different subtypes are recognised (Types AS2 and
AS3 below). The subtypes were never found in the same healed
microfractures.
One subtype (Type AS2) contains two or three solid phases. In
most cases halite occurs together with a commonly rounded solid
with high relief, identiﬁed as calcite by its Raman spectrum (1087,
714 and 283 cm−1; Grifﬁth, 1987). In addition, a few inclusions con-
tain an orange coloured solid, in places with a hexagonal form,identiﬁed as hematite by its Raman spectrum (612, 413, 298, 293
and 226 cm−1; Grifﬁth, 1987). Some of these inclusions, with halite
and calcite as solid phases, may also contain CO2 as gas and liquid phases
(g+l) (Fig. 10e), identiﬁed bymicrothermometry and Raman spectrom-
etry. In general, the vapour bubble takes up 2–5 vol.% of the total inclusion
volume, but when CO2 is present, the bubble occupies 10–20 vol.%. Halite
ﬁlls up 5–10 vol.%, whereas the vol.% of calcite and hematite varies from
inclusion to inclusion. The sizes of the inclusions are b15 μm, but a few
can be as large as 30 μm. The inclusions have an irregular shape.
The other subtype (Type AS3) in healed microfractures comprises
inclusions that contain one or two solid phases in addition to a liquid
and a vapour phase. Some inclusions have only one cube-shaped solid,
halite, which occupies about 5 vol.%. In the inclusions with two solids,
the largest, which is probably halite, occupies about 5–10 vol.%, has a
rounded form, no distinguishable Raman signal and a melting behav-
iour that is comparable with NaCl. The second solid displays high relief
and is anisotropic (Fig. 10f). In places the solid is hexagonal, but inmost
cases the form is indeterminable. The Raman spectrum is similar to
Raman spectra recorded for ferropyrosmalite in ﬂuid inclusions (Dong
and Pollard, 1997; Koděra et al., 2003), and to a ferropyrosmalite refer-
ence sample (E. Jonsson mineral collection) from S. Haborshyttefältet,
Nordmark, Värmland (Fig. 11). The small deviations in the spectra
may be due to minor differences in chemistry of the phyllosilicate
pyrosmalite series (Fe, Mn)8Si6O15(OH, Cl)10. The size of the inclusions
may be up to 20 μm and the vapour bubble occupies 2 vol.%. The inclu-
sions have an irregular shape.
The late calcite-ﬁlled fracture which crosscut the quartz contains
primary aqueous inclusions (similar to Type BS2) with a random ap-
pearance and their shape is irregular to regular with a negative crystal
(rhombohedra) form. The size of the inclusions is up to 25 μm and the
vapour phase occupies about 5 vol.% of the total inclusion volume.10.1.11. Sample 35a: Quartz vein within feldspar–biotite–amphibolite
gneiss in the footwall
The feldspar and amphibole in the vein contacts are much altered.
Magnetite grains are present in the feldspar and only small sulphide
grains are found in the quartz. Zeolites occur in the contact between
quartz and feldspar.
Table 4
Fluid inclusion microthermometric data. Data from Wanhainen et al. (2003a, 2003b) included in the table.
Host mineral
Fluid inclusion type
(Phases present at room temperature)
Sample
(see Table 3)
Total
homogenisation temperature
(°C)
Composition of aqueous liquid Salinity
Quartz
Type AP
(L, V, Halite)
SW4c, 25, 29 156 to 306 CaCl2–NaCl 30–38 eq.wt.% NaCl
Quartz
Type AP
(L, V, Halite)
Wanhainen et al. (2003a, 2003b) 140 to 281 CaCl2–NaCl 29–37 eq.wt.% NaCl
Quartz
Type AS1
(L, V, Halite)
25, 28 >500 nd >60 eq.wt.% NaCl
Quartz
Type AS2
(L, V, Halite, Cc, hem)
24b 440 to 480 CaCl2–NaCl
± CO2
52–57 eq.wt.% NaCl
Quartz
Type AS3
a. (L, V, Halite)
b. (L, V, Halite, FeP)
24b a. 166 to 200
b. 435 to 438 (FeP)
CaCl2–NaCl a. 30–32 eq.wt.% NaCl
b. 35–44 eq.wt.% NaCl
Quartz
Type CP
(L)
28, 24b Th (CO2)
−16.8 to +4.7
(Tm −56.6)
No aqueous liquid, only CO2 phase –
Quartz
Type CS
(L, G)
35a, 28, 29, 24b Th (CO2)
+20.3 to +30.7
(Tm −56.6 to −57.2)
No aqueous liquid, only CO2 phase –
Quartz
Type CP+CS
(L or L, G)
Wanhainen et al. (2003a, 2003b) Th (CO2)
−17.0 to +31.1
(Tm −56.6 to −56.7)
No aqueous liquid, only CO2 phase –
Tourmaline
Type CS
(L, G)
33 Th (CO2)
+22.4 to +27.0
(Tm −56.7 to −57.3)
No aqueous liquid, only CO2 phase –
Quartz
Type BS1
(L, V)
25, 28, 29, 30 ~100 to 391 NaCl 0–2 eq.wt.% NaCl
Garnet
Type BS1
(L, V)
26 179 to 239 NaCl 0–2 eq.wt.% NaCl
Quartz
Type BS2
(L, V)
35a, 33, 32, 24a 104 to 237 CaCl2–NaCl 16–33 eq.wt.% CaCl2
Quartz
Type BS2
(L, V)
Wanhainen et al. (2003a, 2003b) 100 to 222 CaCl2–NaCl 18–27 eq.wt.% CaCl2
Calcite
Type B2
(L, V)
24b 132 to 157 CaCl2–NaCl 14–15 eq.wt.% CaCl2
L = liquid, V = vapour, G = gas, Cc = calcite, hem = hematite, FeP = ferropyrosmalite.
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322 C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331Secondary CO2 inclusions (Type CS, see Sample 28)with a liquid and a
gas phase form intergrain trails in the quartz. One of the trails is cut by a
zeolite.
Two-phase aqueous inclusions with uniform liquid and vapour phase
proportions (Type BS2, see Sample 32) occur in well-deﬁned healed
microfractures which crosscut the quartz vein. In places, these micro-
fractures end at the zeolites.
10.2. Microthermometry
Microthermometric data from the analysedﬂuid inclusions are pres-
ented in Table 4, and as histograms in Figs. 12 (aqueous inclusions) andTh (partial) ( oC )
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BS2 inclusions.13 (carbon dioxide inclusions). The results for each of the different ﬂuid
inclusion types (Types AP, CP, AS1, BS1, CS, AS2, AS3 and BS2) in all the
studied samples are treated together in the following presentation. In-
clusions with evidence of leakage or necking down were not analysed.
First melting of ice is measured to get an idea of the salt composition.
This temperature is, however, generally believed to be difﬁcult to observe
and interpret unambiguously (Samson andWalker, 2000). Nevertheless,
ﬁrst melting temperatures are measured after repeated freezing–heating
cycles when signiﬁcant melting and the appearance of a liquid phase are
ﬁrst visible. Interpretation in terms of themost likely principal salts in so-
lution (even though lesser amounts of other salts can be present) is then
made after a comparison with experimental data for different salt-water4
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323C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331systems (Davis et al., 1990). For the inclusion Types AP, AS2, AS3 and BS2
this ﬁrstmeltingwas noted in the temperature range of−60° to−70 °C.
Such low temperatures have been interpreted to involve metastable salt
hydrate melting for a salt composition dominated by CaCl2 and NaCl
(Davis et al., 1990). However, preliminary PIXE analyses show that the
high salinity brines (halite-bearing) have complex and variable chemis-
try with signiﬁcant components NaCl–CaCl2–KCl together with MnCl2–
FeCl2–SrCl2–BaCl2 (Williams et al., 2005b). Type BS1 inclusions have
much higher ﬁrst melting−21° to−33 °C, which is a more typical eu-
tectic to metastable melting for a NaCl composition (Davis et al., 1990).
10.2.1. Type AP
Salinity estimates in Samples SW4c, 25 and29 based onNaCl dissolu-
tion temperatures (Sterner et al., 1988) between 156° and 306 °C give
values in the range 30 to 38 wt.% NaCl equiv. Partial homogenisation of
the liquid and vapour phases (to liquid) occurs at temperatures of 120°
to 243 °C (Fig. 12a) whilst total homogenisation, to the liquid state, is
generally reached by halite melting (Fig. 12b). The difference between
the temperature of halite melting and the partial homogenisation is
the largest in Sample SW4c (Δ ~100–140 °C) and very small in Sample
25 (Δ ~10–20 °C).
10.2.2. Type C (CP and CS)
Primary CO2-bearing inclusions (Type CP) in quartz (Samples 24b and
28) showmelting of the CO2 phases at−56.6 °C and homogenisation of
CO2 liquid and gas, to the liquid state, between −16.8 °C and +4.7 °C
(Fig. 13). Secondary CO2 inclusions (Type CS) in quartz (Samples 24b,
28, 29, and 35a)melt at−56.6 °C to−57.2 °C andhomogenise to the liq-
uid state between+20.3 °C and+30.7 °C (Fig. 13). Similar temperatures
are obtained for the primary CO2 inclusions in tourmaline (Sample 33)-58.5
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Fig. 13. Histograms showing (a) melting temperatures, Tm(CO2), and (b) homogenisa-
tion temperatures, Tm(CO2), for CO2 ﬂuid inclusion Type C (CP and CS) in quartz and
tourmaline, and for the CO2-phase in the aqueous Type S (halite, calcite±hem) inclu-
sions at Aitik.with melting temperatures in the range −56.7 °C to −57.3 °C and ho-
mogenisation to the liquid state between +22.4 °C and +27.1 °C
(Fig. 13). In a few secondary inclusions in quartz (Sample 24b), homoge-
nisation takes place to the gaseous state between+29.7 °C and+30.2 °C.
The temperatures are consistent with pure to almost pure CO2with up to
about 2 mol% CH4 (van den Kerkhof and Thiéry, 2001). The presence of
CH4 was conﬁrmed by Raman spectrometry. Based on the data in van
den Kerkhof and Thiéry (2001), the corresponding molar volumes of
the primary inclusions (Type CP) in quartz range from about 43 to
48 cm3/mol and from about 58 to 100 cm3/mol for the secondary inclu-
sions (Type CS) in quartz and the primary inclusions in tourmaline.
10.2.3. Type AS1
The inclusions containing a large halite crystal in Samples 25 and
28 display a partial homogenisation of the liquid and vapour (to liq-
uid) at 120 °C to 155 °C. During further heating, the halite starts to
dissolve, but total homogenisation is not possible to observe due to
decrepitation around 500 °C. Visual estimates of the size of the halite
in relation to the total inclusion volume (Roedder, 1984) suggest an
approximate salinity of at least 60 wt.% NaCl equiv.
10.2.4. Type BS1
Final ice melting for the BS1 inclusions in Samples 25, 26, 28, 29 and
30 are all within the same restricted interval of 0 °C to −1.2 °C
(Fig. 12c). The corresponding salinities are between 0 and 2 wt.% NaCl
equiv. (Bodnar, 1993). The garnet-hosted primary inclusions (in Sample
26) yield homogenisation temperatures (to the liquid state) between
179 °C and 239 °C (Fig. 12d). The quartz-hosted secondary inclusions
(Samples 25, 28, 29 and 30) show a large spread in homogenisation tem-
peratures (both to the liquid and vapour state) from 385 °C and 391 °C,
respectively, down to about 100 °C (Fig. 12d). For the single-phase inclu-
sions, homogenisation temperatures could not be obtained. To overcome
the possibility of ametastable phase state with no bubbles, the inclusions
were cooled. The single-phase inclusions did not nucleate a vapour bub-
ble on cooling and were evidently true single-phase inclusions.
10.2.5. Type AS2
Partial homogenisation of the liquid and vapour of the subtype in
Sample 24b with halite and calcite±hematite takes place (to the liq-
uid state) between 133 °C and 152 °C (Fig. 12g). This is followed by
total homogenisation (to the liquid state) by halite melting in the
range 440 °C to 480 °C (Fig. 12h). Calcite and hematite remain
unchanged during heating. The halite melting temperatures indicate
salinities of 52 to 57 wt.% NaCl equiv. (Sterner et al., 1988). All the in-
clusions of this subtype with a CO2-bearing vapour phase in addition
to halite and calcite±hematite decrepitate (in most cases around
400 °C) before homogenisation takes place. The CO2-phases homoge-
nise (to the liquid state) between+24.3 °C and+30.5 °C, and melt at
−56.6 °C indicating a pure CO2 composition (van den Kerkhof and
Thiéry, 2001).
10.2.6. Type AS3
This subtype in Sample 24b contains halite±ferropyrosmalite.
The inclusions with halite as the only solid show a partial liquid-
vapour homogenisation to liquid between 128 °C and 171 °C
(Fig. 12i) closely followed by total homogenisation (to the liquid
state) where halite melt in the range 166 °C to 201 °C (Fig. 12j). Halite
melting indicates a salinity of 30 to 32 wt.% NaCl equiv. (Sterner et al.,
1988). Inclusions which contain halite and ferropyrosmalite have a
partial homogenisation of the liquid and vapour to the liquid state,
ranging from 170 °C to 205 °C (Fig. 12i) and halite melting between
258 °C and 371 °C (Fig. 12j). The dissolution of ferropyrosmalite
takes place in a very narrow range between 435 °C and 438 °C
(Fig. 12j). This is also the total homogenisation temperature (to the
liquid state). The presence of ferropyrosmalite as one component
makes it difﬁcult to determine the total salinity, but if estimates are
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linity of 35 to 44 wt.% NaCl equiv. (Sterner et al., 1988).10.2.7. Type BS2
Final melting temperatures of ice in this type of inclusions display a
large variation. Inclusions in Samples 24a, 32 and 35a have a melting
range between −15.3 °C and −25.1 °C, very low temperatures are
measured in Sample 33 with values from −42.3 °C to −55.3 °C and
the calcite-hosted inclusions in Sample 24b show ﬁnal ice melting
from −11.5 °C to −12.1 °C (Fig. 12e). Based on the low ﬁrst melting
temperatures (−60 °C to−70 °C), the corresponding salinities are de-
termined from the data in Oakes et al. (1990) assuming a CaCl2-rich
composition. This gives salinities of 16 to 22 wt.% CaCl2 equiv. for the
secondary inclusions in quartz Samples 24a, 32 and 35a, and 28 to
33 wt.% CaCl2 equiv. for the secondary inclusions in quartz Sample 33,
and 14 to 15 wt.% CaCl2 equiv. for the calcite Sample 24b. The primary
inclusions in the late calcite-ﬁlled fracture homogenises (to the liquid
state) at 132 °C to 157 °C (Fig. 12f). The secondary inclusions in quartz
have homogenisation temperatures (to the liquid state) in the range
104 °C to 237 °C with most measurements around 150 °C (Fig. 12f).TECTONISM Subduction SW-NED1
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(2005) and Wanhainen et al. (2006).11. Discussion
11.1. Structural evolution of the Aitik area
The structural evolution of northern Sweden is largely controlled
by large scale geological events including continental rifting, subduc-
tion and accretion during the Svecokarelian orogeny (Kousa et al.,
2000). Major features in the northern Norrbotten ore province are
NW–SE and N–S to NNE–SSW trending folds and N–S to NNE–SSW
trending shear zones (Bergman et al., 2001). Structural, petrological,
and geochemical data from Aitik, and from earlier structural and
geothermobarometry studies in northern Sweden, provide a basis
for the interpretation of the structural evolution of the Aitik area.
The structural history is the result of two major tectonic events; the
ﬁrst related to NE-directed subduction during NE–SW convergence,
the second related to eastward subduction and E–W compressional
tectonics and uplift (Fig. 14).
During the ﬁrst stage, at ca. 1.9 Ga, calc-alkaline to alkali-calcic
magmas with a mainly intermediate composition formed in a volca-
nic arc as recorded by the volcanic Porphyrite Group and the plutonic
Haparanda Suite. On a local scale, the Aitik quartzmonzodiorite intrudedSubduction W-E
D2
Shear zones
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aded areas), and mineralising events in northern Norrbotten, Sweden, and the parage-
References to magmatism: Bergman et al., 2001; Romer et al., 1992; Wanhainen et al.,
es to mineralisation (regional): Billström and Martinsson, 2000; Lundmark et al., 2005;
al., 2006; Weihed, 1992. Black dots showage determinations obtained inWanhainen et al.
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of the SW margin of the Archaean craton. The 1.9 Ga rocks are more in-
tensely deformed than the younger Kiirunavaara Group volcanic rocks
and the comagmatic Perthite Monzonite Suite (Fig. 14), suggesting that
they were separated by an episode of deformation and metamorphism
at ca. 1.88–1.89 Ga (Bergman et al., 2001). The reason for this orogenic
early D1 event is not fully understood, but is suggested to be the result
of NE–SW compression during north-eastward subduction. It is
expressed by the regionally developed NW–SE trending folds (Bergman
et al., 2001), a feature observed in the Aitik mine as F1 folds together
with an early NW–SE S1 foliation.
During the second stage, at ca. 1.8 Ga, the east-directed subduction
along a N–S oriented continental margin to the west generated the
TIB batholiths and Lina granite in the northern Norrbotten area
(Weihed et al., 2002) during E–W compression. This stage may have
caused the strong second deformation (D2) of the Aitik area. The D2 de-
formation is manifested by prominent N–S trending and gently, south
plunging folds, and a 40–60°W dipping, penetrative N–S foliation
(Fig. 5a). On a regional scale, D2 deformation is expressed by a steeply
dipping NNE–SSW foliation in 1.85 Ga granites, a steeply dipping N–S
foliation in the 1.81–1.78 Ga Lina granite, and N–S to NNE–SSW
trending folds. Other expressions of this E–W compression may be the
formation of major shear zones (Fig. 14). The N–S directed Pajala
Shear Zone and the old NNE-directed failed rift-structure that is outlined
by the Karesuando–Arjeplog Deformation Zone were both active at ca.
1.8 Gawith characteristic uplift of areaswest of the Karesuando–Arjeplog
Deformation Zone and east of the Pajala Shear Zone. These movements
are also expressed by higher metamorphic grades in these blocks
(Bergman et al., 2001; Verco, 2004). In the Gällivare area the steeply
dipping NNW trending Nautanen Deformation Zone was an active si-
nistral shear zone accommodating strain related to east–west crustal
shortening. A combination of east–west compression, sinistral
movement of the Nautanen Deformation Zone, and dextral move-
ment of the Karesuando–Arjeplog Deformation Zone (Bergman et
al., 2001) probably caused the entire Gällivare block to move to-
wards southeast (Fig. 15) resulting in thrusting and uplift of the Gäl-
livare block. Episodes of stress release during E–W compression
probably created N–S directed paths for the Lina magma to rise in
and form pegmatite dykes with similar trends.
The ca. 1.78 GaU–Pb age obtained for titanitewithin the ductile thrust
of the hangingwall feldspar–biotite–amphibole gneiss (Wanhainen et al.,W
Fig. 15. Schematic west–east vertical section through the Gällivare area. The Aitik ore body
formation Zone. Brown arrows indicate E–W compression and red arrows indicate thrust an
the ca. 1.9 Ga Haparanda Suite. Red = Younger intrusive rock. Green = Volcaniclastic rock2005) gives a minimum age of this thrusting event. The location and ge-
ometry of the thrust (Fig. 2) may be the result of a large competent bath-
olith at depth in the Aitik footwall, which hindered the shortening of the
crust by folding. The stress related to E–W shortening would then have
been accommodated by the thrust and presumably initiating the move-
ment along the western F2 fold limb causing the Aitik deposit to assume
its present outline. The N–S striking thrust structures join the Nautanen
Deformation Zone to the north of the Aitik deposit.
Post-orogenic (D4) intrusive activity, brittle faulting, and reac-
tivation of the ductile faults seem to have continued in the Aitik
area at least until ca. 1.7 Ga (Wanhainen et al., 2005). Common E–
W trending brittle faults (Fig. 5b), probably formed by the reac-
tivation of structures developed during E–W compression, were in-
truded by magma forming E–W trending pegmatite dykes.
11.2. Fluid evolution of the Aitik Cu–Au–Ag deposit
Several phases of ﬂuid inﬁltration have been active in the Aitik de-
posit during the metamorphic, tectonic, and magmatic events dis-
cussed above. The following sequence of ﬂuid evolution is inferred
from the appearance of the ﬂuid inclusions in the studied samples.
A summary P–T diagram for the interpretation of ﬂuid inclusion
data from inclusions representing the different types of ﬂuid phases
is shown in Fig. 16. Geochronological data and petrographic studies
(Wanhainen et al., 2005, 2006) of samples hosting ﬂuid inclusions
suggest that some of the ﬂuid phases that have been studied are relat-
ed to 1.9 Ga hydrothermal events, and that the majority of phases are
related to the tectonometamorphic and IOCG-mineralising event
recorded in the northern Norrbotten region at around 1.8 Ga
(Billström and Martinsson, 2000).
11.2.1. Hydrothermal activity at ca. 1.89 Ga (ﬂuid AP)
The oldest ﬂuid in the Aitik deposit is represented by the primary
aqueous halite-bearing and chalcopyrite-associated Type AP inclu-
sions that were observed in the least altered mineralised quartz
veins. This highly saline ﬂuid (Fig. 10a) has previously been identiﬁed
as responsible for the major part of chalcopyrite precipitation at Aitik
(Wanhainen et al., 2003a). Primary Type AP ﬂuid inclusions are found
in stockwork vein quartz (Sample SW4c) interpreted as genetically
related to the ca. 1.89 Ga quartz monzodiorite (Wanhainen et al.,
2006), and in quartz veins within the quartz monzodiorite (samplesE
is not to scale. NDZ = Nautanen Deformation Zone, KADZ = Karesuando Arjeplog De-
d shear zone directions. Brown=West-dipping Aitik quartz monzodiorite belonging to
s. Transparent layer illustrates at least 5 km of erosion (Monro, 1988).
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Sample 26) inclusions, together with the range of isochors (within the green areas;
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(after Monro, 1988; Bergman et al., 2001) are sketched out with the grey box and
the peak metamorphic phase at Aitik (this study) with a dotted circle. AP, CP, BS1,
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chronological data.
326 C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–3319 and 10 in Wanhainen et al., 2003a). Only a few similar Type AP ﬂuid
inclusions have survived (probably protected by the surrounding
chalcopyrite) in samples with an overprinting quartz–amphibole–
scapolite alteration assemblage (Sample 25) and a quartz–garnet al-
teration assemblage (Sample 29).
Microthermometric data for the Type AP inclusions only give min-
imum pressure and temperature values for the trapping conditions. A
minimum trapping pressure estimate can be made by applying the
method (intersecting isochores and liquidi) of Bodnar (1994) com-
bining the temperature data with experimental data for the NaCl–
H2O system. A high trapping pressure is suggested by homogenisa-
tion through halite dissolution at signiﬁcantly higher temperature
than the partial homogenisation of the liquid and vapour phases
(Cline and Bodnar, 1994). The sample from the quartz stockwork
vein, Sample SW4c, displays the largest difference between these
two temperatures (ΔT ~100 °C to 140 °C). The inclusions in Samples
25 and 29 display a somewhat larger range of salinities and partial
homogenisation temperatures and may have been modiﬁed during
later overprinting processes. An approximate pressure estimate is
therefore made for the least altered inclusions in Sample SW4c. By
using the mean partial homogenisation temperature of 155 °C and a
salinity of 38 wt.% NaCl equiv., a minimum trapping pressure of
close to 3 kbar (Bodnar, 1994) is obtained (Fig. 15). The indicated
pressure is in agreement with pressure determinations of ca. 2.5–
3.5 kbar on crystallisation made using mineral (aluminium in horn-
blende) barometry on the quartz monzodiorite (Verco, 2004). The ha-
lite dissolution temperature of Type AP inclusions was also the total
homogenisation temperature which gives an estimate of a minimum
temperature of around 300 °C.
The early intrusive and mineralising event was followed by meta-
morphism and deformation at ca. 1.88–1.87 Ga and at ca. 1.80 Ga
(Bergman et al., 2001). Many of the early formed quartz veins wererecrystallised at ca. 1.88–1.87 Ga to a clear quartz generation in the
presence of a CO2 ﬂuid. A high pressure is indicated by the low
molar volume (43–48 cm3/mol) of the primary CP type inclusions in
Samples 28 and 24b. Assuming a temperature of 510 °C to 690 °C,
based on calculations from metamorphic mineral assemblages in
eastern Norrbotten (Bergman et al., 2001; Monro, 1988), and using
isochores of the CO2 system (van den Kerkhof and Thiéry, 2001),
the molar volumes of the primary CO2 inclusions point to a trapping
pressure of around 3.5–5 kbar. This pressure range is in agreement
with the peak regional metamorphic pressure conditions obtained
for this area (~2.5 kbar; Bergman et al., 2001; ~3–5 kbar; Monro,
1988). In a closed system, such a high lithostatic pressure can be
built up during CO2 degassing at depth, from a magma or by decar-
bonation reactions (Lowenstern, 2001). The inclusions of this ﬂuid
exhibit no relationship to chalcopyrite, but the occurrence of CO2-
rich ﬂuid inclusions has been documented in most sulphide deposits
in the northern Norrbotten province (Broman and Martinsson,
2000; Lindblom et al., 1996).
The two primary inclusion types, the halite-bearing Type AP inclu-
sions and the CO2-rich Type CP, were never found to coexist in the
same quartz vein sample. Judged from their appearance in different
types of quartz veins it is not likely that they represent two end-
member ﬂuids after unmixing of a common NaCl–CO2–H2O ﬂuid. In-
stead, they are presumed to represent two separate ﬂuid pulses of dif-
ferent origin. Inferred sources for the two ﬂuids are (i) for the AP ﬂuid
probably magmatic, related to the crystallisation of the quartz
monzodiorite, and (ii) for the CP ﬂuid metamorphic reactions in rela-
tion to tectonic activity with liberation of CO2.
11.2.2. Hydrothermal activity at ca. 1.79 Ga (ﬂuids AS1, BS1,CS, AS2, AS3,
and BS2)
A number of ﬂuids with a wide range of compositions were
active in connection with 1.8 Ga metamorphism, and TIB1 and Lina
magmatism (Bergman et al., 2001). Fracturing of the quartz veins
and the development of highly permeable fracture network systems
allowed the access of the hydrothermal ﬂuids responsible for amphi-
bole–scapolite and biotite–garnet alterations. Two types of secondary
aqueous inclusions occur in healed microfractures in the quartz
(Samples 29, 28, 26, 25, 30 and 32); aqueous inclusions with a large
halite crystal (Type AS1) and aqueous inclusions with varying
liquid/vapour proportions (Type BS1). They always appear in differ-
ent healed microfractures and seem to be two unrelated aqueous
phases. Interpretation of these inclusions is difﬁcult and it has been
demonstrated (Audétat and Günther, 1999) that ﬂuid inclusions in
deformed quartz veins commonly suffer post-entrapment modiﬁca-
tions with changes in composition and density. Even though no
clear textural evidence for modiﬁcations was observed, the Type
AS1 inclusions with a large halite crystal have to be a result of such
post-entrapment processes involving volume decrease and water
loss of inclusions originally containing a smaller-sized halite cube.
These altered inclusions are the remnants of a salt-rich aqueous
ﬂuid that was present during the amphibole–scapolite alteration
stage at the commencement of the 1.8 Ga metamorphism.
The BS1 inclusions associated with coarse biotite and garnet may
also have experienced post-entrapment modiﬁcations with changes
in inclusion volume but without loss of water. The quartz-hosted in-
clusions have a large spread in homogenisation temperatures (from
~100 °C to almost 400 °C) and an almost constant salinity (0–2 wt.%
NaCl equiv.). These secondary inclusions probably contain a mixture
of inclusions that have suffered changes to various extents and recog-
nition of unmodiﬁed and modiﬁed individuals is not always straight-
forward. The primary inclusions in garnet display a lesser spread in
homogenisation temperatures and are more likely to have resisted sig-
niﬁcant post-entrapment adjustments. However, the homogenisation
temperatures (179 °C and 239 °C) for the garnet-hosted inclusions are
minimum formation temperatures that have to be temperature-
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in quartz) cuts through themetamorphic box in Fig. 16 and probably rep-
resent a peak or early retrograde metamorphic ﬂuid with mineral-ﬂuid
reactions of the quartz–garnet–biotite–magnetite alteration assemblage.
With spessartine–almandine garnet as a stable phase, the temperature
must have remained at leastwithin the lower range of thepeakmetamor-
phic condition (500–600 °C; Monro, 1988) in the ore zone. The required
correction of the homogenisation temperatures in garnet would thus be
300 °C±50 °C.
A pressure release with an inﬂow of CO2 that persisted for a long
period of time is suggested by the secondary CO2 inclusions which
are common in healed microfractures in the Aitik samples. They
have a similar composition as the primary CO2 type inclusions
(Type CP), but have higher molar volumes. The inclusions display a
large range of molar volumes which implies trapping at gradually de-
creasing pressure. The higher molar volume of the secondary CO2 in-
clusions (58 to 100 cm3/mol) compared to the primary inclusions in
quartz (43 to 48 cm3/mol) demonstrates that the pressure decreased
during subsequent fracturing of the rocks and the veins. A high lit-
hostatic pressure was built up during CO2 degassing at depth and
reached its maximum at the point when the overlying rocks moved
or ruptured. The resulting fault or fracture zone provided a conduit
for the up-ﬂow of a large volume of CO2. Fluid inclusions trapped in
fractures during the subsequent pressure drop had an increased
molar volume and in the present study such inclusions are represen-
ted by the secondary Type CS inclusions with molar volumes of 58 to
100 cm3/mol. If the metamorphic temperature remained between
510 °C to 690 °C (Bergman et al., 2001; Monro, 1988) or was slightly
lower, these molar volumes correspond to a pressure, at the time of
healing of microfractures in quartz and deposition of tourmaline, of
~1–2 kbar (van den Kerkhof and Thiéry, 2001). We believe that the
CO2 took an active part in a stage involving fracturing, tectonic move-
ments, hydrothermal alteration, and possibly gold deposition and
remobilisation of gold (Fig. 16). CO2 is generally found to be involved
in formation of gold deposits, but has only an indirect role in the
transport of gold by buffering the pH (Phillips and Evans, 2004). For
the northern Norrbotten deposits, a correlation between CO2-bearing
ﬂuids and gold precipitation has previously been suggested by
Lindblom et al. (1996), Broman and Martinsson (2000) and put into
practise by testing the positive correlation as an exploration tool by
Sammelin et al. (2011). Furthermore, the presence of a variety of frac-
tures formed as a consequence of the release of the high CO2 pressure
may also have played an important role in increasing the permeabil-
ity of the rocks.
The fracture network systems also allowed for inﬁltration of subse-
quent aqueous post-peak metamorphic ﬂuid phases with complex com-
positions, which were responsible for the overprinting Cu-mineralising
stages. A second generation of chalcopyrite–pyrite were deposited by
high-temperature ﬂuids. High homogenisation temperatures, 435 °C to
>500 °C, consistent with metamorphic mineral geothermometry data
fromAitik (~519–597 °C;Monro, 1988) and the eastern parts of northern
Norrbotten (510–690 °C; Bergman et al., 2001), were measured for the
secondary AS2 and AS3 inclusions containing calcite (±hematite, CO2)
or ferropyrosmalite (Fig. 16). Ferropyrosmalite (Fe, Mn)8Si6O15(OH,
Cl)10 has previously been identiﬁed as an alteration product of pyroxene
by high-salinity brines in several Cu–Au deposits in the Cloncurry district
(Baker, 1998; Perring et al., 2000; Williams et al., 2003). This is the ﬁrst
time ferropyrosmalite has been found as a daughter phase in inclusions
from any of the northern Norrbotten deposits.
The high-temperature ﬂuids were probably a mixture of ﬂuids of
different origin. The AS2 inclusions are considered to reﬂect a mixture
between a high-salinity aqueous ﬂuid and the CO2 ﬂuid, and the AS3
inclusions represent a modiﬁed high salinity ﬂuid after wall rock in-
teractions (plagioclase, pyroxene, amphibole, biotite) or after mixing
with the complex CaCl2-rich aqueous ﬂuid represented by the BS2
type inclusions. Such a mixing between high salinity magmatic ﬂuidswith different non-magmatic ﬂuids has been suggested as likely by
Williams et al. (2003) for Cu–Au deposits in the Cloncurry district
(Australia) and Norrbotten (Sweden).
The youngest ﬂuid inclusion population found in this study consti-
tutes the very complex and medium-salinity CaCl2–NaCl dominated
BS2 ﬂuid inclusions in healed microfractures (Fig. 16). Homogenisa-
tion temperatures provide a rough estimate of a minimum ﬂuid tem-
perature of 150 °C to 200 °C. Similar aqueous inclusions are common
in many 1.77 Ga northern Norrbotten Fe oxide-bearing Cu–Au de-
posits (e.g., Pahtohavare, Lindblom et al., 1996; Gruvberget-Cu and
Lieteksavo, Broman and Martinsson, 2000; Tjårrojåkka, Edfelt et al.,
2004), indicating that this ﬂuid was active on a regional-scale. The in-
ﬂow of the BS2 ﬂuid marks the transition to the tourmaline alteration
and the ﬁnal Cu-stage with the overprinting bornite deposition. This
regional hydrothermal activity caused sodic–calcic alterationwith the for-
mation of low-temperature assemblages such as calcite–zeolite–epidote–
chlorite–thaumasite–barite–muscovite. The calcite-ﬁlled fracture con-
taining primary ﬂuid inclusions similar to the BS2 type in Sample 24b
cuts a ca. 1783 Ma quartz alteration assemblage (Wanhainen et al.,
2005), implying that the BS2 ﬂuid was active after that time.
The fact that the ﬂuid phases studied in the Aitik deposit do not be-
long to one ore-forming stage, but mainly to younger (post-1.89 Ga)
overprinting stages emphasises the complex post-ore magmatic, meta-
morphic, tectonic, and hydrothermal evolution of the deposit. It also
stresses the difﬁculties in documentingprimarymineralising conditions
in a metamorphosed and strongly modiﬁed deposit. However, results
from Type AP ﬂuid inclusions, which are interpreted as related to
1.9 Ga ore deposition due to their trapping position within quartz
monzodiorite and related quartz stockwork, suggest that highly saline,
magmatic ﬂuids were involved in primary ore deposition in the Aitik
deposit. Overprinting stages involving a diversity of ﬂuid compositions
are interpreted as related to 1.8 Ga regional Na–Ca alteration, deforma-
tion, and IOCG-mineralising processes.
11.3. Genetic classiﬁcation of the Aitik deposit
It is complicated to genetically classify an ore deposit like the Aitik
Cu–Au–Ag deposit which have been signiﬁcantly modiﬁed during
several post-ore phases of deformation, alteration and possible over-
printing stages of ore mineralisation. However, the spatial relation-
ship between the Aitik ore and a mineralised intrusion, together
with a magmatic sulphur isotope signature of the Aitik sulphides
(Wanhainen and Martinsson, 2003), constitute evidence for the
Aitik Cu–Au–Ag ore being intrusion-related, magmatic–hydrothermal
in origin. Magmatic–hydrothermal Cu–Au deposits, with the size of
Aitik, are exclusively of porphyry copper- or IOCG-type, or possibly
a mixture of the two. Likewise, the overall character of the Aitik qua-
rtz monzodiorite and associated phases is comparable to intrusions
generating both porphyry and IOCG mineralisation (Table 5). The in-
ferred tectonic setting of the Aitik rocks has also been suggested for
both deposit models, but is far more characteristic for the porphyry
copper environment (Table 5). The Aitik deposit is situated in a volca-
nic arc sequence (as suggested by geochemical and isotopic studies
by Nironen, 1997; Wanhainen et al., 2006; and this study) related
to subduction of oceanic crust beneath the Archaean craton at ca.
1.9 Ga (Mellqvist et al., 2003; Öhlander et al., 1999). This is a typical
environment for formation of porphyry copper deposits (McMillan
and Panteleyev, 1986; Sillitoe, 2010). Precambrian porphyry type de-
posits are present in most shield areas in the world including Austra-
lia, Brazil, Canada, China, Finland, India, Namibia, Russia, and Zambia
(Sikka and Nehru, 1997), and despite in places strong metamorphic
and tectonic overprint in these old systems, similarities with porphy-
ry deposits in younger arc systems can be recognised. In Aitik, these
similarities include low grade and large volume of disseminated ore,
metal assemblage, metal enrichment accompanying potassic alter-
ation, high quartz vein frequency, high sulphide to magnetite ratio,
Table 5
General characteristics of porphyry copper deposits (Hedenquist and Richards, 1998; Lowell and Guilbert, 1970; Sillitoe, 2010) and IOCG deposits (Porter, 2000, and references therein; Williams and Pollard, 2001) in comparison to Aitik.
Modiﬁed from Wanhainen and Martinsson, 2011.
Main features Porphyry Cu–Au IOCG Aitik deposit
Tectonic setting Subduction-related island arc, continental margin Intra-continental
Extension along subduction-related
continental margin
Subduction-related,
continental margin
Age Archaean to present, majority Mesozoic–Cenozoic Archaean to present, majority Proterozoic Early Proterozoic
(c. 1.89 Ga)
Main host rocks 1. Intermediate porphyritic intrusions
2. Intermediate volcanic and sedimentary rocks
1. Felsic–intermediate volcanic and sedimentary rocks
2. Felsic intrusions
1. Intermediate volcanic rocks
2. Intermediate porphyritic intrusions
Ore paragenesis 1. Magnetite
2. Chalcopyrite, pyrite±pyrrhotite, chalcocite,
molybdenite, bornite
1. Magnetite, hematite
2. Chalcopyrite, bornite, pyrite±molybdenite, pyrrhotite
1. Magnetite
2. Chalcopyrite, pyrite, pyrrhotite,
bornite, chalcocite, molybdenite
3. Magnetite, pyrite±chalcopyrite
Alteration paragenesis 1. Biotite, K-feldspar, quartz (potassic)
2. Quartz, sericite, pyrite (phyllic)
3. Epidote, chlorite, calcite (propylithic)
4. Quartz, kaolinite, chlorite (argillic)
1. Albite, scapolite, amphibole, biotite, magnetite
2. K-feldspar, magnetite, hematite, biotite, quartz
3. Chlorite, muscovite (sericite), calcite, quartz
1. Biotite, K-feldspar,
Quartz, sericite, pyrite
Epidote, chlorite, calcite
2. Amphibole, garnet
3. Biotite, epidote, chlorite, calcite
4. Scapolite, amphibole, K-feldspar,
epidote, magnetite, garnet, quartz, biotite, muscovite
Mineralisation style Disseminated, vein, quartz stockwork Disseminated, breccia inﬁll, vein network, massive lenses, replacement Disseminated, vein, quartz stockwork, patches and
clots, veinlets of varying mineral compositions
Ore ﬂuid composition Na, K, Fe, Ca, Mn+CO2
Solids: halite±calcite
b5–>60 wt.%. NaCl
T: 300–700 °C
Na, K, Ca, Fe, Mn±Ba+CO2
Solids: halite±calcite, ferropyrosmalite, hematite
20–60 wt.%. NaCl
T: 200–500 °C
Na, Ca, K, Mn, Fe, Sr, Ba+CO2
Solids: halite±calcite, ferropyrosmalite, hematite
20–60 wt.%. NaCl
T: ~300 °C early Cpy
T: 200–500 °C late Cpy+Bn
Structural control Regional faults Shear zones and faults Shear zones and faults
Assoc. with igneous activity Temporal and spatial Temporal Temporal and spatial
Parental magma I-type I-type, oxidised A-type I-type
Other common minerals Tourmaline, anhydrite REE- and U-minerals, barite, ﬂuorite, tourmaline, apatite Tourmaline, anhydrite, barite, ﬂuorite, apatite, allanite
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329C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331and close spatial and temporal association to intermediate, porphyritic
intrusions. However, compared to classical porphyry deposits, the
Aitik deposit also shows a number of differences, partly explained by
its extended (ca. 145 Ma; Wanhainen et al., 2005) post-mineralisation
history.
The crystallisation sequence of ore minerals in the Aitik deposit is
deduced from ﬁeld and microscopic observations of crosscutting rela-
tionships,mostly fromwithin the least deformed intermediate intrusive
rocks, and fromgeochronology. It seems thatmagnetitewas theﬁrst ore
mineral to form, followed by pyrite and chalcopyrite. This early magne-
tite and most sulphides are interpreted as pre-syn D1 and formed in
connection with intrusion of the quartz monzodiorite stocks (Fig. 14).
The few, but very signiﬁcant, remnants of early mineralisation and al-
teration patterns in the Aitik deposit are similar to those found in clas-
sical porphyry systems (e.g., Hedenquist and Richards, 1998; Lowell
and Guilbert, 1970;McMillan and Panteleyev, 1986), e.g., disseminated,
vein, and stockworkmineralisationwithin potassically altered rocks re-
lated to intermediate intrusive stocks (Table 5). Remnants of early
mineralisation patterns can be outlined, e.g., the decrease in chalcopy-
rite:pyrite ratio across the ore zone, suggesting a spatial variation relat-
ed to the footwall quartz monzodiorite (Monro, 1988). Furthermore,
the disseminated sulphide in the micro-quartz monzodiorite within
the ore zone is a similar mineralisation style to that in the footwall qua-
rtzmonzodiorite, and consequentlymay represent remnants of primary
ore within quartz monzodioritic apophyses. The location and textural
and ﬂuid inclusion characteristics of the stockwork veins at Aitik further
indicate a genetic relationship between the footwall intrusion and an
early magmatic–hydrothermal mineralising event. Also, the major oc-
currence of disseminated and stringer sulphides ﬂattened in the domi-
nant S2 foliation (Fig. 9g) and concentrated towards the axial regions of
F2 folds, indicate their pre-D2 age. Primary ﬂuid inclusions (Type AP) in
remnants of the earlymineralising stage in the stockwork veins point to
a formation pressure of nearly 3 kbar which, at lithostatic conditions,
corresponds to a depth of about 11 km. Such a depth is greater than
conventionally believed for IOCG deposits (b4–6 km; Hitzman et al.,
1992) and typical porphyry copper deposits (1–6 km; Seedorff et al.,
2005), but there is increasing evidence that deposits belonging to
both types of intrusion-related ores have formed at greater depth, in
places as deep as 10 km (Seedorff et al., 2008; Williams et al., 2005a).
The deepest portions of the ore zone at Aitik, represented by the
stockwork quartz veins, is the root zone (Seedorff et al., 2008) of the
magmatic–hydrothermal system, close to the cupola of the underlying
ore-related intrusion. The root zone is the site where the ﬂow of the
metal-transporting magmatic aqueous phase is focused (Seedorff et al.,
2008) after exsolution from a crystallising magma, and experimental
studies have shown that the ﬂuid ﬁrst exsolved at high pressure has a
high salinity (Cline and Bodnar, 1991), similarly as the Aitik stockwork-
hosted AP ﬂuid inclusions. The quartz monzodiorite bodies found in the
footwall and ore zone of the Aitik deposit are probably too small to
have been the potential source for the metals, but additional mineralised
quartz monzodioritic intrusions occur 300 m northeast and 600 m south
of the open pit. These small intrusive bodies, which are similarly min-
eralised as those in the Aitik deposit, further strengthen the hypothesis
of the presence of a larger pluton at depth (Drake, 1992; Monro, 1988).
Amphibolite facies regional metamorphism around 1.8 Ga, accom-
panied by penetrative deformation, substantially modiﬁed the miner-
alogy and textures of the Aitik rocks and the primary ore. It is difﬁcult
to establish whether the ore preserved the geochemical signature of
the pre-metamorphic magmatic–hydrothermal alteration. Studies
performed on similar metamorphosed, Proterozoic porphyry Cu–Au
±Mo deposits in Pohjanmaa, central Finland (Gaál and Isohanni, 1979),
and Chapada porphyry Cu–Au deposit, Brazil (Richardson et al., 1986)
revealed typical porphyry copper alteration zoning (Lowell and
Guilbert, 1970) of potassic+propylitic-, and phyllic+propylitic types,
respectively. At Aitik, K-enrichment is restricted to the ore zone (Fig. 8).
Petrographic observations of early biotite- and K feldspar alterationwithin the quartz monzodiorite and the ore zone rocks, strongly suggest
the presence of a preserved pre-metamorphic alteration. The Aitik ore
zone is therefore regarded as a metamorphosed potassic alteration
zone formed by biotitisation and K-feldspatisation of volcaniclastic
and intrusive rocks during hydrothermal activity related to quartz
monzodiorite intrusion (Table 5). Primary phyllic–propylitic alteration
parageneses and retrograde metamorphic parageneses cannot be
distinguished with certainty in the Aitik deposit.
As indicated by the structural and ﬂuid evolution the early
porphyry-like 1.89 Ga mineralising system at Aitik has been affected
and modiﬁed not only by 1.8 Ga amphibolite facies metamorphism
and deformation, but also by a regional IOCG-type magmatic–hydro-
thermal event active at this time. Wanhainen and Martinsson (2003)
suggested the possibility of sulphide mineralisation events coeval
with the 1.87 and 1.79 Ga magmatism represented in the area.
IOCG-characteristics observed in the Aitik deposit are not restricted
to the ore zone in the same way as the porphyry copper-related fea-
tures, but occur locally in the entire deposit area, or are mainly pre-
sent in the footwall and hanging wall of the deposit, which further
point to the regional character of this mineralisation and alteration
event. Types AS2 and AS3 ﬂuid inclusion data in this study indicate
that magmatic–hydrothermal ﬂuids active during 1.79 Ga magmatism
could have contributed mineralisation (including gold), to the earlier
formed porphyry system. These highly saline ﬂuids are temporally
linked to the second tectonic event in the northern Norrbotten region
by geochronology and petrography (Wanhainen et al., 2005). They are
related to alteration parageneses similar to those found in many
IOCG-type mineral deposits, e.g., in the northern Norrbotten IOCG-
type deposits (e.g., Tjårrojåkka; Edfelt et al., 2005), the Cloncurry
IOCG-type deposits (e.g., Starra; Rotherham et al., 1998; Williams et
al., 2001), and the Candelaria–Punta del Cobre deposits (e.g., Can-
delaria; Marschik and Fontbote, 2001). These hydrothermal mineral
parageneses include K feldspar, epidote, amphibole, scapolite, magne-
tite, ferropyrosmalite, actinolite, allanite, and apatite (Table 5).12. Conclusions
The Aitik Cu–Au–Ag deposit is located within metamorphosed and
hydrothermally altered volcaniclastic and intrusive rocks of interme-
diate composition, in a tectonic setting similar to modern volcanic
arcs. It is proposed here that formation of quartz stockwork and por-
phyry copper mineralisation is synchronous with emplacement of a
ca. 1.89 Ga quartz monzodiorite in the Aitik area. A highly saline
(38 wt.% NaCl), aqueous magmatic ﬂuid was released at about
300 °C and a pressure of nearly 3 kbar, forming disseminated and
vein-type ore of mainly chalcopyrite and pyrite within the intrusion
and in the surrounding volcaniclastic rocks. At ca. 1.88 Ga, this intru-
sive and mineralising event was followed by metamorphism and de-
formation involving a CO2 ﬂuid at peak conditions of 500–600 °C and
4–5 kbar, resulting in folding and foliation of the rocks.
This 1.88 Ga tectonic event was later overprinted by a second tec-
tonic and metamorphic event at ca. 1.78 Ga. Extensive deformation
and redistribution of metals occurred, and the metamorphic mineral
associations in the Aitik deposit were formed at a pressure of ~1–
2 kbar in the presence of a metamorphic CO2 ﬂuid. Magnetite enrich-
ment locally found within late veins of mainly quartz, amphibole, gar-
net, K feldspar, and epidote, together with late scapolite alteration
within the deposit, implies that aqueous medium- to high-salinity
(16–57 wt.% salts) ﬂuids, at PT conditions of ~1 kbar and 200–500 °C, re-
sponsible for IOCG-mineralisation and extensive Na–Ca alteration in the
region during the second tectonic event also affected the Aitik deposit,
leading to some addition of copper±gold. It is therefore concluded that
the Aitik Cu–Au–Ag deposit represents a Palaeoproterozoic, strongly
metamorphosed porphyry type deposit that has been overprinted by
later regional IOCG-bearing ﬂuids.
330 C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331Acknowledgements
Boliden AB is acknowledged for the ﬁnancial support of this study,
and for the permission to publish this paper. Riikka Aaltonen, Roger
Nordin and Monika Kontturi, Boliden AB, are thanked for helpful as-
sistance. We wish to thank Nigel Cook and four anonymous reviewers
for their constructive comments and detailed reviews of the manu-
script, and constructive criticism from Pär Weihed, Pat Williams and
Rodney Allen has also been greatly appreciated.References
Åhäll, K.-I., Larsson, S.Å., 2000. Growth-related 1.85–1.55 Ga magmatism in the Baltic
Shield: a review addressing the tectonic characteristics of Svecofennian, TIB 1-
related Gothnian events. GFF 122, 193–206.
Andersson, U.B., 1991. Granitoid episodes and maﬁc–felsic magma interaction in the
Svecofennian of the Fennoscandian Shield, with main emphasis on the ca. 1.8 Ga
plutonics. Precambrian Res. 51, 127–149.
Audétat, A., Günther, D., 1999. Mobility and H2O loss from ﬂuid inclusions in natural
quartz crystals. Contrib. Mineral. Petr. 137, 1–14.
Baker, T., 1998. Alteration, mineralization, and ﬂuid evolution at the Eloise Cu–Au deposit,
Cloncurry District, Northwest Queensland, Australia. Econ. Geol. 93, 1213–1236.
Bergman, S., Kübler, L., Martinsson, O., 2001. Description of regional geological and
geophysical maps of northern Norrbotten County. Geological Survey of Sweden
Ba, 56, pp. 5–100.
Billström, K., Martinsson, O., 2000. Links between epigenetic Cu–Au mineralizations
and magmatism/deformation in the Norrbotten County, Sweden. In: Weihed, P.,
Martinsson, O. (Eds.), Abstract volume and Field trip Guidebook, 2nd annual
GEODE-Fennoscandian shield ﬁeld workshop on Palaeoproterozoic and Archean
greenstone belts and VMS districts in the Fennoscandian Shield, 28 August to 1
September 2000, Gällivare-Kiruna, Sweden. Luleå University of Technology, Re-
search Report 2000:6.
Bodnar, R.J., 1993. Revised equation and table for determining the freezing point de-
pression of H2O–NaCl solutions. Geochim. Cosmochim. Acta 57, 683–684.
Bodnar, R.J., 1994. Synthetic ﬂuid inclusions: XII. The system H2O–NaCl. Experimental
determination of the halite liquidus and isochores for a 40 wt% NaCl solution.
Geochim. Cosmochim. Acta 58, 1053–1063.
Boliden AB Annual Report, 2011. www.boliden.com/Documents/Press/Publications2011.
Broman, C., Martinsson, O., 2000. Fluid inclusions in epigenetic Fe–Cu–Au ores in northern
Norrbotten. 2nd GEODE-Fennoscandian Shield ﬁeld workshop on Palaeoproterozoic
and Archaean greenstone belts and VMS districts in the Fennoscandian Shield. Re-
search report 2000:6. Luleå University of Technology, p. 7.
Cline, J.S., Bodnar, R.J., 1991. Can economic porphyry copper mineralization be generat-
ed by a typical calc-alkaline melt ? J. Geophys. Res. 96, 8113–8126.
Cline, J.S., Bodnar, R.J., 1994. Direct evolution of brine from a crystallizing silicic melt at
the Questa, New Mexico, molybdenum deposit. Econ. Geol. 89, 1780–1802.
Davis, D.W., Lowenstein, T.K., Spencer, R.J., 1990. Melting behaviour of ﬂuid inclusions
in laboratory-grown halite crystals in the systems NaCl–H2O, NaCl–KCl–H2O, NaCl–
MgCl2–H2O, and NaCl–CaCl2–H2O. Geochim. Cosmochim. Acta 54, 591–601.
Dong, G., Pollard, P.J., 1997. Identiﬁcation of ferropyrosmalite by Laser Raman micro-
probe in ﬂuid inclusions from metalliferous deposits in the Cloncurry District,
NW Queensland, Australia. Mineralog. Mag. 61, 291–293.
Drake, B., 1992. Aitik copper mine. Geology 2, 19–23.
Edfelt, Å., Broman, C., Martinsson, O., 2004. A preliminary ﬂuid inclusion study of the
Tjårrojokka IOCG-occurrence, Kiruna area, northern Sweden. In: Mansfeld, J.
(Ed.), The 26th Nordic Geological Winter Meeting: Uppsala, 6–9 January 2004,
GFF 126, p. 148.
Edfelt, Å., Armstrong, R.N., Smith, M., Martinsson, O., 2005. Alteration paragenesis and
mineral chemistry of the Tjårrojåkka apatite-iron and Cu (–Au) occurrences,
Kiruna area, northern Sweden. Miner. Deposita 40, 409–434.
Frietsch, R., Tuisku, P., Martinsson, O., Perdahl, J.-A., 1997. Early Proterozoic Cu–(Au)
and Fe ore deposits associated with regional Na–Cl metasomatism in northern
Fennoscandia. Ore Geol. Rev. 12, 1–34.
Gaál, G., Isohanni, M., 1979. Characteristics of igneous intrusions and various wall rocks
in some Precambrian porphyry copper molybdenum deposits in Pohjanmaa, Fin-
land. Econ. Geol. 74, 1198–1210.
Grifﬁth, W.P., 1987. Advances in the Raman and infrared spectroscopy of minerals. In:
Clark, R.J.H., Hester, R.E. (Eds.), Spectroscopy of Inorganic-based Materials. Wiley,
New York, pp. 119–186.
Grip, E., 1978. Sweden. In: Bowie, et al. (Ed.), Mineral Deposits of Europe, 1. NW Europe.
Institution of Mining and Metallurgy, London, pp. 93–198.
Hedenquist, J.W., Richards, J.P., 1998. The inﬂuence of geochemical techniques on the
development of genetic models for porphyry copper deposits. In: Richards, J.P.,
Larson, P.B. (Eds.), Techniques in hydrothermal ore deposits geology: Reviews in
Economic Geology, 10, pp. 235–256.
Hitzman, M.W., Oreskes, N., Einaudi, M.T., 1992. Geological characteristics and tectonic
setting of Proterozoic iron oxide (Cu–U–Au–REE) deposits. Precambrian Res. 58,
241–287.Hwang, S.L., Shen, P., Yui, T.F., Chu, H.T., 2003. On the mechanism of re-
sorption zoning in metamorphic garnet. J. Metamorph. Geol. 21, 761–769.
Kathol, B., Martinsson, O., 1999. Berggrunds-kartan 30J Rensjön, 1:50,000. Geological
Survey of Sweden Ai, pp. 130–133.Koděra, P., Murphy, P.J., Rankin, A.H., 2003. Retrograde mineral reactions in saline ﬂuid
inclusions: the transformation ferropyrosmalite–clinopyroxene. Am. Mineral. 88,
151–158.
Kousa, J., Lukkarinen, H., Lundqvist, T., 2000. Proterozoic crystalline rocks. In: Lundqvist,
T., Autio, S. (Eds.), Description of the bedrockmap of central Fennoscandia (mid-Nor-
den): Geological Survey of Finland. Special paper 28, pp. 25–75.
Lahtinen, R., 1994. Crustal evolution of the Svecofennian and Karelian domains during
2.1–1.79 Ga, with special emphasis on the geochemistry and origin of 1.93–1.91 Ga
gneissic tonalites and associated supracrustal rocks in the Rautalampi area, central
Finland. Geological Survey of Finland, Bulletin 378. 128 p.
Lahtinen, R., Huhma, H., 1997. Isotopic and geochemical constraints on the evolution of
the 1.93–1.79 Ga Svecofennian crust and mantle in Finland. Precambrian Res. 82,
13–34.
Lahtinen, R., Nironen, M., Korja, A., 2003. Palaeoproterozoic orogenic evolution of the
Fennoscandian Shield at 1.92–1.77 Ga with notes on the metallogeny of FeOx–
Cu–Au, VMS, and orogenic gold deposits. Proceedings of the Seventh Biennial
SGA Conference “Mineral Exploration and Sustainable Development”, Athens,
Greece, 24–28 August 2003, pp. 1057–1060.
Lahtinen, R., Korja, A., Nironen, M., 2005. Paleoproterozoic tectonic evolution. In:
Lehtinen, M., Nurmi, P.A., Rämö, O.T. (Eds.), Precambrian Geology of Finland—
Key to the Evolution of the Fennoscandian Shield. Elsevier Science, B.V., Amster-
dam, pp. 481–532.
Lindblom, S., Broman, C., Martinsson, O., 1996. Magmatic–hydrothermal ﬂuids in the
Pahtohavare Cu–Au deposit in greenstone at Kiruna, Sweden. Miner. Deposita 31,
307–318.
Lowell, J.D., Guilbert, J.M., 1970. Lateral and vertical alteration–mineralization zoning
in porphyry ore deposits. Econ. Geol. 65, 373–408.
Lowenstern, J.B., 2001. Carbon dioxide in magmas and implications for hydrothermal
systems. Miner. Deposita 36, 490–502.
Lundmark, C., Stein, H., Weihed, P., 2005. The geology and Re–Os geochronology of the
Palaeoproterozoic Vaikijaur Cu–Au–(Mo) porphyry-style deposit in the Jokkmokk
granitoid, northern Sweden. Miner. Deposita 40, 396–408.
Magnor, B., Mattsson, H., 2002. Strukturgeologisk modell över Aitik. CTMG report
02001. Luleå University of Technology. 41 p.
Marschik, R., Fontbote, L., 2001. The Candelaria–Punta del Cobre Iron Oxide Cu–Au(–
Zn–Ag) Deposit, Chile. Econ. Geol. 96, 1799–1826.
Martinsson, O., 1997. Paleoproterozoic greenstones at Kiruna in northern Sweden: a
product of continental rifting and associated maﬁc–ultramaﬁc volcanism. In: Mar-
tinsson, O., 1997. Tectonic setting and metallogeny of the Kiruna Greenstones. Ph.
D. Thesis 1997:19, Paper I, 49 p, Luleå University of Technology, Sweden.
Martinsson, O., 2001. Diversity and character of apatite iron ores and their relation to
epigenetic Cu–Au deposits in the Norrbotten Fe–Cu–Au province, northern Swe-
den: GSA Annual Meeting, Special session: Iron-Oxide(‐Copper–Gold) Systems—
Deposit Studies to Global Context, Boston 4 November 2001, GSA Abstracts with
Programs Vol. 33, No. 6.
Martinsson, O., 2004. Geology and metallogeny of the northern Norrbotten Fe–Cu–Au
province. In: Allen, R.L., Martinsson, O., Weihed, P. (Eds.), Svecofennian ore-
forming environments: volcanic-associated Zn–Cu–Au–Ag, intrusion associated
Cu–Au, sediment-hosted Pb–Zn, and magnetite–apatite deposits in northern Swe-
den: Society of Economic Geologists Guidebook Series, 33, pp. 129–146.
Martinsson, O., Virkkunen, R., 2004. Apatite iron ores in the Gällivare, Svappavaara, and
Jukkasjärvi areas. In: Allen, R.L., Martinsson, O., Weihed, P. (Eds.), Svecofennian
ore-forming environments: volcanic-associated Zn–Cu–Au–Ag, intrusion associat-
ed Cu–Au, sediment-hosted Pb–Zn, and magnetite–apatite deposits in northern
Sweden: Society of Economic Geologists Guidebook Series, 33, pp. 167–172.
Martinsson, O., Wanhainen, C., 2004. Character of Cu–Au mineralizations and related hy-
drothermal alterations along theNautanen deformation zone, Gällivare area, northern
Sweden. In: Allen, R.L., Martinsson, O., Weihed, P. (Eds.), Svecofennian ore-forming
environments ﬁeld trip volcanic-associated Zn–Cu–Au–Ag and magnetite–apatite,
sediment-hosted Pb–Zn, and intrusion-associated Cu–Au deposits in northern
Sweden: Society of Economic Geologists Guidebook Series, 33, pp. 149–160.
McMillan, W.J., Panteleyev, A., 1986. Porphyry copper deposits. In: Roberts, R.G.,
Sheahan, P.A. (Eds.), Ore Deposit Models: Geoscience Canada Reprint Series, 3,
pp. 45–58.
Mellqvist, C., Öhlander, B., Weihed, P., Schöberg, H., 2003. Some aspects on the subdivi-
sion of the Haparanda and Jörn intrusive suites in northern Sweden. GFF 125, 77–85.
Monro, D., 1988. The geology and genesis of the Aitik copper–gold deposit, Arctic
Sweden. Ph.D. Thesis, University of Wales, College of Cardiff.
Nironen, M., 1997. The Svecofennian orogen: a tectonic model. Precambrian Res. 86,
21–44.
Oakes, C.S., Bodnar, R.J., Simonson, J.M., 1990. The system NaCl–CaCl2–H2O: I. The ice
liquidus at 1 atm total pressure. Geochim. Cosmochim. Acta 54, 603–610.
Öhlander, B., Skiöld, T., Hamilton, P.J., Claesson, L.-Å., 1987. The western border of the
Archaean province of the Baltic Shield: evidence from northern Sweden. Contrib.
Mineral. Petrol. 95, 437–450.
Öhlander, B., Mellqvist, C., Skiöld, T., 1999. Sm–Nd isotope evidence of a collisional
event in the Precambrian of northern Sweden. In: Mengel, F. (Ed.), Precambrian
orogenic processes. Special Issue: Precambrian Research, 93, pp. 105–117.
Park, R.G., 1989. Foundations of Structural Geology, 2nd ed. Blackie. 148p.
Pearce, J.A., 1982. Trace element characteristics of lavas from destructive plate bound-
aries. In: Thorpe, R.S. (Ed.), Andesites, Orogenic Andesites and Related Rocks.
Wiley and Sons, Chichester, pp. 525–548.
Pearce, J.A., Harris, N.B.W., Tindle, A.G., 1984. Trace element discrimination diagrams
for the tectonic interpretation of granitic rocks. J. Petrol. 25, 956–983.
Perdahl, J.-A., 1995. Svecofennian volcanism in northernmost Sweden. Unpubl. PhD
thesis, Luleå University of Technology, 147p.
331C. Wanhainen et al. / Ore Geology Reviews 48 (2012) 306–331Perring, C.S., Pollard, P.J., Dong, G., Nunn, A.J., Blake, K.L., 2000. The Lightning Creek sill
complex, Cloncurry District, northwest Queensland: a source of ﬂuids for Fe oxide
Cu–Au mineralization and sodic–calcic alteration. Econ. Geol. 95, 1067–1089.
Phillips, G.N., Evans, K.A., 2004. Role of CO2 in the formation of gold deposits. Nature
429, 860–863.
Porter, T.M., 2000. Hydrothermal iron oxide copper–gold & related ore deposits. In:
Porter, T.M. (Ed.), Hydrothermal Iron Oxide Copper–Gold & Related Deposits: A
Global Perspective. Australian Mineral Foundation, Adelaide, pp. 3–5.
Richardson, S.V., Kesler, S.E., Essene, E.J., 1986. Origin and geochemistry of the Chapada
Cu–Au deposit, Goias, Brazil: a metamorphosed wall–rock porphyry copper depos-
it. Econ. Geol. 81, 1884–1898.
Roedder, E., 1984. Fluid inclusions. Mineralogical Society of America. Reviews in Min-
eralogy, 12. 644 pp.
Romer, R.L., Kjösnes, B., Korneliussen, A., Lindahl, I., Skysseth, T., Stendal, H., Sundvoll,
B., 1992. The Archaean–Proterozoic boundary beneath the Caledonides of northern
Norway and Sweden: U–Pb, Rb–Sr and Nd isotopic data from the Rombak–Tysfjord
area. Geological Survey of Norway, Report 91.
Rotherham, J.F., Blake, K.L., Cartwright, I., Williams, P.J., 1998. Stable isotope evidence
for the origin of the Mesoproterozoic Starra Au–Cu deposit, Cloncurry District,
northwest Queensland. Econ. Geol. 93, 1435–1449.
Sammelin, M., Broman, C., Wanhainen, C., Martinsson, O., 2011. Origin of Au-rich min-
eralization in the Aitik Cu–Au deposit and its close surrounding: Applications of
ﬂuid inclusions in exploration for gold-rich mineralization in the Gällivare area,
northern Sweden. Paper II in Sammelin, M., The nature of gold in the Aitik Cu–
Au deposit— implications for mineral processing and mine planning. Ph. Licentiate
Thesis, Luleå University of Technology, 04–2011. 70 pp.
Samson, I.M., Walker, R.T., 2000. Cryogenic Raman spectroscopic studies in the system
NaCl–CaCl2–H2O and implications for low-temperature phase behaviour in aque-
ous ﬂuid inclusions. Can. Mineralog. 38, 35–43.
Seedorff, E., Dilles, J.H., Proffett Jr., J.M., Einaudi, M.T., Zurcher, L., Stavast, W.J.A.,
Johnson, D.A., Barton, M., 2005. Porphyry deposits: characteristics and origin of hy-
pogene features. Economic Geology 100th Anniversary Volume, pp. 251–298.
Seedorff, E., Barton, M.D., Stavat, W.J.A., Maher, D.J., 2008. Root zones of porphyry sys-
tems: extending the porphyry model to depth. Econ. Geol. 103, 939–956.
Sikka, D.B., Nehru, C.E., 1997. Review of Precambrian Cu ± Mo ± Au deposits with a
special reference to Malanjkhand porphyry copper deposit, Madhya Pradesh,
India. J. Geol. Soc. India 49, 239–288.
Sillitoe, R.H., 2010. Porphyry copper systems. Econ. Geol. 105, 3–41.
Sterner, S.M., Hall, D.L., Bodnar, R.J., 1988. Synthetic ﬂuid inclusions. V. Solubility rela-
tions in the system NaCl–KCl–H2O under vapour-saturated conditions. Geochim.
Cosmochim. Acta 52, 989–1005.
Van den Kerkhof, A., Thiéry, R., 2001. Carbonic inclusions. Lithos 55, 49–68.
Verco, M., 2004. Post Svecofennian uplift history of the Pajala–Gällivare area,
Norrbotten district, Sweden. In: Williams, P. (Ed.), James Cook University EGRU Re-
search Newsletter April 2004, pp. 11–13.
Vuollo, J., 1994. Paleoproterozoic basic igneous events in eastern Fennoscandian Shield
between 2.45 and 1.97 Ga: Ph. D. Thesis, Acta Universitatis Ouluensis, Finland,
Ser A no 250, 47 p.
Wanhainen, C., Martinsson, O., 1999. Geochemical characteristics of host rocks to the
Aitik Cu–Au deposit, Gellivare area, northern Sweden: Proceedings of the ﬁfth bi-
ennial SGA meeting and the tenth quadrennial IAGOD Meeting, London, 22–25 Au-
gust 1999, Extended abstract, pp. 1443–1446.
Wanhainen, C., Martinsson, O., 2003. Evidence of remobilisation within the
Palaeoproterozoic Aitik Cu–Au–Ag deposit, northern Sweden: a sulphurisotope study. Proceedings of the seventh biennal SGA meeting, Athens,
Greece, 24–28 August 2003, Extended abstract, pp. 1119–1122.
Wanhainen, C., Martinsson, M., 2011. The hybrid character of the Aitik deposit,
Norrbotten, Sweden: a porphyry Cu–Au–Ag(–Mo) system overprinted by Fe-
oxide Cu–Au hydrothermal ﬂuids. In: Porter, T.M. (Ed.), Hydrothermal iron oxide
copper–gold and related deposits: a global perspective. : Advances in the Under-
standing of IOCG Deposits, 4. PGC Publishing, Adelaide, pp. 415–426.
Wanhainen, C., Broman, C., Martinsson, O., 2003a. The Aitik Cu–Au–Ag deposit in
northern Sweden: a product of high salinity ﬂuids. Miner. Deposita 38, 715–726.
Wanhainen, C., Kontturi, M., Martinsson, O., 2003b. Copper and gold distribution at the
Aitik deposit, Gällivare area, northern Sweden. Inst. Min. Metall. Trans. B (Appl.
Earth Sci.) 112, B260–B267.
Wanhainen, C., Billström, K., Stein, H., Martinsson, O., Nordin, R., 2005. 160 Ma of mag-
matic/hydrothermal and metamorphic activity in the Gällivare area: Re–Os dating
of molybdenite and U–Pb dating of titanite from the Aitik Cu–Au–Ag deposit,
northern Sweden. Miner. Deposita 40, 435–447.
Wanhainen, C., Billström, K., Martinsson, O., 2006. Age, petrology and geochemistry of
the porphyritic Aitik intrusion, and its relation to the disseminated Aitik Cu–Au–Ag
deposit, northern Sweden. GFF 128, 273–286.
Weihed, P., 1992. Lithochemistry, metal and alteration zoning in the Proterozoic Tallberg
porphyry-type deposit, northern Sweden. J. Geochem. Explor. 42, 301–325.
Weihed, P., Williams, P., 2005. Metallogeny of the northern Fennoscandian Shield: a set
of papers on Cu–Au and VMS deposits of northern Sweden. Miner. Deposita 40,
347–350.
Weihed, P., Billström, K., Persson, P.-O., Bergman Weihed, J., 2002. Relationship be-
tween 1.90–1.85 Ga accretionary processes and 1.82–1.80 Ga oblique subduction
at the Karelian craton margin, Fennoscandian Shield. GFF 124, 163–180.
Williams, P.J., Pollard, P.J., 2001. Australian Proterozoic iron oxide–Cu–Au deposits: an
overview with new metallogenic and exploration data from the Concurry district,
northwest Queensland. Explor. Min. Geol. 10, 191–213.
Williams, P.J., Dong, G., Ryan, C.G., Pollard, P.J., Rotterham, J.F., Mernagh, T.P., Chapman,
L.H., 2001. Geochemistry of hypersaline ﬂuid inclusions from the Starra (Fe-oxide)–
Au–Cu deposit, Cloncurry district, Queensland. Econ. Geol. 96, 875–883.
Williams, P.J., Dong, G., Pollard, P.J., Broman, C., Martinsson, O., Wanhainen, C., Mark, G.,
Ryan, C.G., Mernagh, T.P., 2003. The nature of iron oxide–copper–gold ore ﬂuids:
ﬂuid inclusion evidence from Norrbotten (Sweden) and the Cloncurry district
(Australia). In: Eliopulus, et al. (Ed.), Proceedings of the Seventh Biennial SGA
Meeting on Mineral Exploration and Sustainable Development. Balkema, Rotterdam,
pp. 1127–1130.
Williams, P.J., Barton, M.D., Johnson, D.A., Fontboté, L., de Haller, A., Mark, G., Oliver,
N.H.S., Marschik, R., 2005a. Iron oxide copper–gold deposits: geology, space–time
distribution and possible modes of origin. Economic Geology 100th Anniversary
Volume, pp. 371–405.
Williams, P.J., Dong, G., Pollard, P., Broman, C., Martinsson, O., Mark, G., Ryan, C.G.,
Mernagh, T.P., 2005b. Geochemical comparison of iron oxide–copper–gold ore
ﬂuids from Norrbotten and the Cloncurry district (Australia). In: Weihed, P.
(Ed.), Fe-oxide Cu–Au deposits in northern Norrbotten, Sweden: Final Report Geo-
range Project P7 (89120), pp. 10–11.
Yngström, S., Nord, A.G., Åberg, G., 1986. A sulphur and strontium isotope study of the
Aitik copper ore, northern Sweden. GFF 108, 367–372.
Zweifel, H., 1976. Aitik: geological documentation of a disseminated copper deposit— a
preliminary investigation. Geological Survey of Sweden C 720. 80 p.
